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Nuclear fusion holds one of the biggest 
promises of a virtually unlimited energy 
source. As a result of half a century of 
dedicated research, reactor scale fusion 
devices are becoming reality within the 
following decades. A key challenge for these 
gigawatt scale devices is to achieve 
controlled power exhaust to avoid 
overheating of the wall components. The 
radiative divertor concept is developed to 
address this need. 
  
This thesis presents experimental and 
numerical studies of radiative divertor 
operation in high conﬁnement mode 
plasmas in the Joint European Torus (JET) 
test reactor. The impact of extrinsic 
impurity gases, such as nitrogen, on the 
reactor performance is investigated. The 
peak heat loads are reduced by an order of 
magnitude with extrinsic impurities. 
Furthermore, the simulations capture the 
measured heat load reduction and radiated 
power with impurity injection. However, the 
model underestimates the radiation by the 
fuel species. 
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Abstract 
Controlled power exhaust is one of the key challenges in reactor scale fusion devices. These 
devices must maintain heat loads less than 10 MW/m2 at the plasma-facing materials (PFM), 
while producing gigawatts of fusion power. Furthermore, sufﬁciently low erosion of and fuel 
retention in PFMs are required to reach reactor relevant component duty cycles. The presently 
preferred solution to these challenges is to utilize tungsten PFMs with injection of extrinsic 
radiating impurities, such as nitrogen or neon. However, signiﬁcant gaps do still exist in the 
technology and scientiﬁc understanding needed to fully rely that these devices will perform 
according to their design speciﬁcations. Predictive capability for these devices relies on model 
validation and physics interpretation studies conducted on existing fusion test reactors. 
  
In this doctoral thesis, radiative divertor studies with nitrogen and neon injection are 
investigated experimentally and interpreted with the multi-ﬂuid code package EDGE2D-
EIRENE for high conﬁnement mode plasmas in the JET tokamak. The studies include 
comparison of predicted and measured divertor conditions, investigations of the impact of 
PFMs and divertor geometry on the divertor performance, and comparison of divertor 
performance with nitrogen and neon injection. Furthermore, predictions for tungsten 
retention in the divertor chamber with the Monte-Carlo code DIVIMP were conducted. 
  
When imposing the divertor radiation by impurities, the simulations capture the 
experimentally observed reduction of the low-ﬁeld side (LFS) divertor peak heat load, radiated 
power, and their spatial distribution. However, consistent with earlier studies, the simulations 
underestimate the radiated power by deuterium, indicating a shortfall in the radiation from the 
fuel species. Due to similar radiative characteristics of nitrogen and carbon, the divertor 
radiation distributions observed in JET with carbon PFMs can be obtained with nitrogen 
seeding in JET with the ITER-like wall. Detachment is obtained at similar divertor radiation 
levels in both PFM conﬁgurations. Unexpectedly, divertor geometry is observed to have only a 
marginal impact on the reduction of the LFS heat load with increasing radiation. It is also 
observed that similar levels of LFS heat load reduction can be obtained at JET with either 
nitrogen or neon injection. However, unlike nitrogen radiation, a signiﬁcant fraction of neon 
radiation is predicted to occur in the conﬁned plasma, expected to reduce plasma performance. 
Furthermore, high density, low temperature divertor conditions are predicted to be beneﬁcial 
for improving tungsten retention in the divertor of JET, and edge-localized modes (ELMs) are 
predicted to dominate tungsten erosion and leakage out of the divertor chamber in JET. 
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Tiivistelmä 
Lämmönsiirto on eräs keskeisimmistä fuusioreaktoreiden haasteista. Seinämien kuormat eivät 
saa ylittää 10 MW/m2 reaktoreiden tuottaessa useita gigawatteja fuusioenergiaa. Lisäksi 
seinämän eroosion sekä polttoaineen kertymisen reaktoriin täytyy olla riittävän hidasta, jotta 
toimintajakso huoltoseisokkien välissä on riittävän pitkä. Lupaavin ratkaisu näihin haasteisiin 
on käyttää volframia seinämämateriaalina ja suihkuttaa reaktoriin tehoa säteileviä 
epäpuhtauksia. Nykyisessä teknologisessa ja tieteellisessä ymmärryksessä on kuitenkin 
puutteita, eikä voida täysin luottaa siihen, että mallien avulla suunnitellut reaktorit suoriutuvat 
täysin tehtävistään. Ennusteet fuusioreaktoreille perustuvat laskentamallien validointiin ja 
fysiikan ilmiöiden tulkintaan olemassa olevilla fuusioreaktoreilla. 
  
Tässä työssä tutkitaan sekä kokeellisesti että EDGE2D-EIRENE -koodipaketilla tehosäteilyä 
divertorilla JET-tokamakissa korkean koossapidon plasmoissa. Tutkimuksissa vertaillaan 
ennustettuja ja mitattuja diverttoriolosuhteita, tutkitaan seinämäkomponenttien materiaalien 
ja geometrian vaikutusta säteilevän diverttorin suorituskykyyn, sekä vertaillaan diverttorin 
suorituskykyä typpi- ja neonsuihkutuksella. Lisäksi volframin kulkeutumista on tutkittu 
ennustavilla Monte-Carlo simulaatioilla DIVIMP-koodia käyttäen. 
  
Simulaatiot toistavat kokeellisesti havaitun diverttorisäteilyjakauman sekä teho- ja 
hiukkaskuorman vähenemisen matalan kentän puoleisella (LFS) diverttorilevyllä, mikäli 
kokeellisesti mitatut säteilytasot sovitetaan epäpuhtaussuihkutuksen avulla. Simulaatiot 
kuitenkin aliarvioivat deuteriumin aiheuttaman säteilyosuuden, kuten on havaittu 
aikaisemmissakin tutkimuksissa. Hiilen ja typen samankaltaisista säteilyominaisuuksista 
johtuen JET-tokamakin täyshiiliseinällä havaitut säteilyjakaumat voidaan toistaa 
typpisuihkutuksella JETin ITER-seinämä -kokeissa. Diverttoriplasman erkaantuminen 
saavutetaan samoilla säteilytasoilla molemmilla seinämämateriaaleilla. Vastoin odotuksia 
diverttorigeometrialla havaittiin olevan vain vähän vaikutusta LFS-diverttorilevyn 
lämpökuormituksen vähenemiseen säteilyn kasvaessa. Lisäksi samankaltaiset diverttorin 
lämpökuormituksen vähenemiset havaitaan sekä typpi- että neonsuihkutuksella. Toisin kuin 
typpisäteily, merkittävä osa neonsäteilystä kuitenkin tapahtuu koossapidetyn plasman 
puolella, minkä uskotaan heikentävän plasman suorituskykyä. Lisäksi korkean tehon ja 
matalan lämpötilan diverttoriolosuhteet on laskentamallien mukaan eduksi volframin 
pitämiseksi diverttorikammiossa. Reunamoodit (ELMs) dominoivat laskentamalleissa 
volframin eroosiota ja kulkeutumista ulos diverttorikammiosta JET-tokamakissa. 
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1. Introduction
1.1 Nuclear fusion for energy production
The development of modern societies relies on an increasing production of
energy. The global energy demand is foreseen to increase due to growing
human population and improving quality of life on Earth, especially in
rapidly developing countries, such as China and India [1]. While most of
the global energy demand has been met by increasing usage of fossil fuels,
such as coal and oil, their usage is being reconsidered due to their limited
supply and accumulating evidence of the impact of greenhouse gas emis-
sions on climate change [2]. Nuclear ﬁssion would provide a green-house
gas free energy source for baseline energy production with adequate fuel
resources. However, production of long-lived radioactive waste and pro-
liferation of nuclear materials are a concern with ﬁssion based energy
production. Thermonuclear fusion is the most promising alternative to
fossil fuels for baseline electricity production without long-lived radioac-
tive waste.
Nuclear fusion, the power source of stars, offers a virtually unlimited,
green-house gas free energy source for mankind. The modern research on
controlled nuclear fusion is focused around the fusion reaction between
the heavy isotopes of hydrogen, deuterium (D, 2H) and tritium (T, 3H)
given the reaction
D+ T →4 He (3.5 MeV)+ n (14.1 MeV) (1.1)
where 17.6 MeV of energy is released as the kinetic energy of the result-
ing alpha particle and the neutron. From the reaction products, the neu-
tron escapes the fuel without interaction and can be used to heat external
blankets to produce steam to drive turbines for electricity production. The
electrically charged alpha particle is, on the other hand, conﬁned in the
9
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fusion fuel, and provides an intrinsic source of heat. Once the alpha parti-
cle has released its energy, it becomes helium ash, which dilutes the fuel,
and must be exhausted to avoid unacceptable reduction of fusion power
[3]. The DT fusion reaction provides the highest available fusion cross-
section at feasible temperatures, peaking around 40 keV, with adequate
availability of the reactants. Deuterium is abundantly available in sea
water, and tritium can be bred from lithium with bombardment by neu-
trons produced by the DT fusion reaction. However, reaching sufﬁcient
breeding ratios for tritium self-sufﬁciency will be a challenge for any fu-
sion reactor design based on the DT reaction.
For the fusion reaction to occur, the two positively charged nuclei must
overcome their mutual electromagnetic repulsion for the attractive nu-
clear force to take over. To achieve this, the nuclei must approach each
other with a high relative velocity, which can be obtained by heating the
fuel to temperatures beyond 10 keV. Reactor relevant fusion rates are
achieved at around 10 – 20 keV (100 – 200 million degrees of C). At these
temperatures, the gas atoms are partially or fully ionized. Such a state of
matter is called plasma.
Net energy production with fusion reactions requires sufﬁcient conﬁne-
ment of the fusing plasma. The plasma can be conﬁned by gravitational,
magnetic, or inertial concepts. While stars are based on gravitational con-
ﬁnement, made possible by their large mass, the fusion reactor concepts
on Earth are based on either inertial or magnetic conﬁnement.
In the inertial conﬁnement, the DT fuel is compressed to very high pres-
sures, such that during the short time that the DT pellet disintegrates
while fusing, the fusion power output exceeds the power needed for com-
pressing and heating the fuel. In this concept, the plasma is conﬁned by
inertia only. The leading inertial conﬁnement concept is based on usage
of high power, carefully aligned laser beams [4].
The focus of this doctoral thesis is on magnetic conﬁnement fusion (MCF).
In MCF, the thermal energy of the fusion fuel is conﬁned sufﬁciently long
with carefully designed magnetic ﬁelds, such that the required heating
power needed for control and sustainment of fusion reactor relevant tem-
peratures is signiﬁcantly lower than the fusion power generated by the
reactor. If the intrinsic heating by the fusion reactions provides a con-
siderable fraction of the total heating power in the plasma, the plasma is
said to burn. If the plasma becomes thermally self-sustained, it is said to
ignite.
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Within a half a century of active research, the ﬁeld of MCF has ad-
vanced to such a point that an experimental, burning-plasma device, the
International Thermonuclear Experimental Reactor (ITER), is being built
in Cadarache, France [5, 6]. The goal of ITER is to demonstrate the tech-
nological and scientiﬁc feasibility of controlled nuclear fusion for peace-
ful purposes. ITER will be the ﬁrst experimental device providing access
to reactor scale, burning fusion operation, where the plasma largely de-
termines its own proﬁles. Overall the facility is foreseen to have a size,
magnetic ﬁeld strength, physics phenomenology, and technological basis
sufﬁciently close to a thermonuclear power plant such that only little ex-
trapolation is required to ﬁnalize the design of and construct a demonstra-
tion power plant (DEMO) [5 – 10]. The various national and international
DEMO programs predict a similar timeframe, where fusion would begin
to contribute to the global energy needs around the middle of this century
[11]. Whether this is realistic or not is a matter of debate within the sci-
entiﬁc community. ITER is based on the tokamak fusion reactor concept,
which will be described in the next chapter [12]. This is also the reactor
concept investigated in this doctoral thesis. Further information about
the other fusion reactor concepts, which are not discussed here, can be
found in [13].
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1.2 Tokamak
1.2.1 Requirements for an MCF reactor
The requirement of very high fuel temperatures imposes great challenges
for the MCF reactor design. The criterion of DT plasma to ignite yields
the fusion triple product of plasma density, n, temperature, T , pressure,
p, and energy conﬁnement time, τE [12]:
nTτE = pτE > 5× 1021 m−3keVs. (1.2)
In tokamak type reactors this is expected to be reached at values in the
range of n ∼ 1020 m−3, T ∼ 15 keV, and τE ∼ a few s. The highest achieved
triple product so far is 1.5×1021 m−3keVs in the JT-60U tokamak in Japan
[14]. This is a factor of three smaller than required for ignition.
Generally speaking, any fusion reactor concept based on magnetic con-
ﬁnement of the plasma must fulﬁll, at least, the following four objectives.
The two ﬁrst are related to the plasma performance (Eq. 1.2), and the
latter two are related to the fuel content control and exhaust of energy
and helium ash from the system. Furthermore, additional technological
requirements exist.
• Energy conﬁnement. The energy must be conﬁned long enough to
maintain the required plasma temperatures with the fusion power ex-
ceeding the heating power. The energy conﬁnement times, τE , of mag-
netic conﬁnement fusion devices typically scale positively with the ma-
chine size and magnetic ﬁeld strength, which is why progressively larger
fusion devices have been built over the years in the development of the
controlled nuclear fusion [5, 15].
• Fuel pressure and density conﬁnement are directly related to the
fusion power output and economical efﬁciency of a fusion reactor. The
fusion power of a reactor scales roughly as V p2, where V is the fuel
volume and p the thermal plasma pressure. The utilization efﬁciency of
the magnetic volume is proportional to the conﬁned pressure normalized
by the magnetic ﬁeld pressure
β =
p
B2/2μ0
(1.3)
where B is the strength of the magnetic ﬁeld, and μ0 the permeabil-
ity of vacuum. Due to engineering and economical constraints limiting
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the maximum machine size and magnetic ﬁeld strength and, thus, the
energy conﬁnement time, the conﬁned density and normalized pressure
must exceed minimum values to maintain reactor relevant fusion power
output. However, the maximum pressure and density in magnetic con-
ﬁnement devices are limited by plasma instabilities [16].
• Fuel content control. To maintain a quasi steady-state fusion power
production, the fuel ions must be replaced at an equal rate to their con-
sumption. At the same time, the reaction products must be exhausted
from the system at an equal rate to their production. The impurity lev-
els in the plasma must be kept sufﬁciently low to limit the reduction of
the overall fusion power due to fuel dilution and the increase of the ra-
diative power losses within an acceptable operational window. The fuel
dilution level is typically described in terms of the effective charge state
of the plasma
Zeff =
∑
j njZ
2
j
ne
(1.4)
where the sum is over all the ion charge states, Zj , and densities, nj ,
in the plasma, and ne is the electron density [12]. The particle con-
tent control in MCF devices is accomplished by gas and pellet injec-
tion, and pumping [6]. Part of the plasma fuelling is obtained also by
neutral beam injectors (NBI), which are primarily used for heating the
plasma. Reaching sufﬁciently high pumping and particle throughput
rates is crucial for the operation to exhaust the reaction product, helium
ash, from the system at a sufﬁciently high rate.
• Power exhaust control. To enable a quasi steady-state fusion power
production, the reactor design must provide adequate control of power
and particle exhaust to maintain the integrity of the plasma-facing ma-
terials (PFMs). Ensuring wall power loads within the engineering limits
of the PFMs has become one of the most outstanding issues faced by the
fusion community. This follows from the fact that in reactor scale fusion
devices orders of magnitude larger exhausted power ﬂuxes are predicted
with only modestly larger exposed PFM areas when compared to exist-
ing devices [7, 17]. The power exhaust physics in conventional tokamaks
is the main focus in this doctoral thesis.
Additional technological challenges are imposed by tritium self-sufﬁciency
(in DT fusion) and degradation of materials properties in high neutron
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ﬂux environment, as is the case in economically interesting reactors ac-
tually producing fusion power [7, 12]. The tritium self-sufﬁciency is an
issue since tritium is radioactive with a half-life of about 12.3 years and
is, hence, not readily available in nature. It can be bred from lithium in-
situ during the machine operation. Also neutron heating and shielding of
the superconductive magnetic coils needs to be assessed in reactor design.
1.2.2 Operating principle
The overarching goal of a MCF scheme is to provide access to the desired
fusion parameters (Eq. 1.2) in a quasi steady-state fashion without caus-
ing the wall components to melt or to be damaged excessively, such that
the necessary PFMs can be replaced during a scheduled shut down. The
leading fusion reactor concept is called tokamak (Fig. 1.1). A tokamak
is a toroidal vacuum chamber, in which the plasma is conﬁned by strong
helical magnetic ﬁelds, B, generated by toroidal and poloidal ﬁeld coils
and currents ﬂowing in the plasma. The toroidal ﬁeld coils generate a
toroidal magnetic ﬁeld and a toroidal plasma current, Ip, generates the
main poloidal magnetic ﬁeld, which form together a helical ﬁeld struc-
ture. In addition, poloidal ﬁeld coils are used for shaping the plasma and
controlling the position of the plasma in the vessel. Since the magnitude
of the toroidal ﬁeld decreases as a function of distance from the centre of
the torus, Btoroidal ∼ 1R , the inner side of the tokamak is called the high
ﬁeld side (HFS) and the outer side the low ﬁeld side (LFS).
The helical magnetic ﬁeld forms nested ﬂux surfaces, which conﬁne the
plasma, such that the radially inward pointing magnetic force supports
the outward pointing thermal plasma pressure gradient force
J×B = ∇p (1.5)
where J represents the electrical current density. Tokamaks have demon-
strated reactor relevant performance in terms of energy conﬁnement and
stability. The highest physics ampliﬁcation factor, Q, which is the fraction
of fusion power to the input power, achieved so far has been 0.64 in the
Joint European Torus (JET) tokamak [18]. One of the principal aims of
ITER, starting its operation in the 2020s, is to achieve ampliﬁcation factor
of 10, or higher [6].
Tokamak plasmas are heated with ohmic resistivity, radiofrequency (RF),
and NBI heating. In addition to these, in burning plasma operation, a con-
siderable fraction of the total heating power is provided by the fusion born
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Figure 1.1. A schematic of a tokamak. The ﬁgure is courtesy of EUROfusion.
alpha particles. Ohmic heating is provided by the plasma current used to
generate the poloidal magnetic ﬁeld. In high performance plasmas in JET,
which are the focus of this doctoral thesis, most of the heating is provided
by the NBI and ion cyclotron resonance RF-heating (ICRH). Further de-
tails about the heating methods can be found in [12].
Plasma physics sets the lower limit to the size of an MCF fusion reactor.
The main parameters determining the fusion performance are τE and β.
The fuel density and β in tokamaks are limited by plasma instabilities [16,
19]. The most common empirical scaling for density limits in tokamaks is
the Greenwald density limit
nGW =
Ip
πa2
(1.6)
where nGW (1020 m−3), Ip (MA), and a is the minor radius of the plasma (m)
[20]. The foreseen plasma density and pressure values in ITER are about
n ∼ 1020m−3 and βN ∼ 1.5 – 3% [6], where the βN is the β normalized by
the Troyon factor [19]
βN (%). = 100× β ×
(
Ip
aB
)−1
. (1.7)
τE in a tokamak is limited by transport losses of particles, momentum,
and energy across the magnetic ﬂux surfaces. This cross-ﬁeld transport
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greatly exceeds the level predicted by simple collisional transport esti-
mates based on individual orbits of charged particles in the helical mag-
netic ﬁeld in toroidal geometry [21]. This anomalously high cross-ﬁeld
transport is associated with nonlinear micro-turbulence of the plasma
[21]. First principles models are not yet sufﬁciently mature to accurately
predict this cross-ﬁeld transport for reactor scale devices. Therefore, the
conﬁnement extrapolations to the next step devices, such as ITER, are
based on scaling relations obtained on existing devices. Presently, the
reference τE scaling for tokamak type fusion reactors is the IPB98(y,2)-
scaling, given by [6]
τE = 0.0562I
0.93
p B
0.15P−0.69n0.41M0.19R1.970.58κ0.78, (1.8)
where Ip represented the plasma current used to generate a part of the
magnetic ﬁeld, P the heating power,B the magnitude of the on-axis toroidal
magnetic ﬁeld of the torus, n the plasma density, M the average ion mass,
R the major radius of the torus,  the inverse aspect ratio of the torus,
and κ the elongation. The measured conﬁnement times are typically
compared to reference conﬁnement time scalings. The H98-factor repre-
sents the measured conﬁnement time relative to the IPB98(y,2)-scaling.
In tokamaks, the conﬁnement time is expected to scale roughly linearly
proportional to Ip, and almost to the square of the linear size of the ma-
chine, R. Therefore, larger size machines and higher plasma currents are
desired for high fusion performance. However, Ip is limited by magneto-
hydrodynamic (MHD) instabilities, as well as current drive capabilities
of the machine. On the other hand, the linear dimensions are limited by
economical constraints, as well as performance constraints of the super-
conductive toroidal magnetic ﬁeld coils.
The IPB98(y,2) conﬁnement time scaling is based on the high conﬁne-
ment mode (H-mode) plasma regime with edge localized MHD instability
modes (ELMs) [22, 23]. In H-mode, the energy conﬁnement time of the
plasma is typically about a factor of 2 higher than in conventional low
conﬁnement mode (L-mode) plasmas. H-mode operation is favored over
L-mode operation in reactors, since the higher energy conﬁnement allows
more compact and economical reactor design. However, H-mode entails
the extra complication of having to control ELMs to avoid excessive dam-
age to the PFMs [24]. By combining the τE,98(y,2) conﬁnement time scal-
ing with DT reaction rates, plasma stability boundaries for n, β, and Ip,
and neutron shielding requirements for the superconductive toroidal ﬁeld
coils, the spatial dimensions of a reactor scale tokamak can be estimated
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as follows: major radius from the centre of the torus to the magnetic axis
of the ﬂux surfaces of about 7.8 m, horizontal minor radius from the mag-
netic axis of the ﬂux surfaces to the outer wall of about 2.6 m [5]. The
reference ITER values are 6.2 m and 2.0 m [6], and those of the JET toka-
mak are around 3 m and 1.2 m.
In the transition to H-mode conﬁnement, the turbulence in the edge
of the conﬁned plasma is spontaneously suppressed when the power ﬂux
through the edge region exceeds a certain threshold value [22]. The sup-
pression of the edge turbulence is associated with self-generated shear
ﬂows in the edge plasma, such that as the shearing rates exceed the tur-
bulence growth rates, the radial turbulent ﬂuxes are suppressed, and an
edge transport barrier (ETB) region is formed. A region of strong den-
sity, temperature and plasma pressure gradients, the so-called pedestal,
is formed in the edge of the conﬁned plasma as a result of the formation
of the ETB. Similarly to cross-ﬁeld transport, presently, no ﬁrst princi-
ples models exist to predict the conditions for the L- to H-transition (LH-
transition) value and in particular of the heating power level required to
access the H-mode. Accordingly, extrapolation to the next step devices are
also obtained by regression analysis based scaling relations obtained on
existing devices [21, 25]. In JET, the LH-transition is obtained typically
with powers of 2 – 5 MW crossing the separatrix depending on the plasma
operation parameters, while the value extrapolated for ITER is of about
46 – 160 MW [25]. The predicted LH-transition value for ITER is of simi-
lar magnitude to the total installed heating power capability of the device
(73 MW [6]). As a result, entering H-mode conﬁnement will be a chal-
lenge in ITER prior to DT operation or prior to the upgrade of the heating
systems.
ELMs are a type of MHD plasma instabilities typical in the edge of H-
mode plasmas [23]. The pressure and current gradients, which are formed
in the edge plasma as a consequence of the pedestal formation, drive local-
ized MHD instabilities, which relax the edge gradients and cause parti-
cles and energy to be expelled from the plasma. Many types of ELMs have
been identiﬁed [23]. The most common are type-I and type-III ELMs. The
type-I ELM regime is characterized by low frequency (∼ 10 – 100 Hz)
and high amplitude energy losses (∼ 10 – 20 % of pedestal stored energy,
Wped) ELMs, associated with ideal peeling-ballooning MHD instabilities.
The type-III ELM regime, on the other hand, is characterized by high fre-
quency (∼ 100 – 1000 Hz), and small amplitude energy losses (∼ 1 – 4 % of
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pedestal stored energy, Wped) ELMs, which are associated with resistive
MHD instabilities [23]. ELMs lead to strong intermittent particle and
heat loads from the pedestal towards the wall components, and the ELMy
behaviour of the H-mode plasmas pose a serious concern for the integrity
of the wall components in the next step devices [6]. An unmitigated type-I
ELM in ITER Q = 10 scenario is predicted to lead to parallel energy ﬂux
densities at the HFS divertor of the order of 17 MJ/m2, which exceeds the
surface melting threshold of tungsten PFMs (0.7 – 1.0 MJ/m2) by a factor
of more than 20 [26]. Hence, ELM mitigation mechanisms are an active
subject of research within the tokamak community [23].
1.2.3 Plasma-surface interaction
The spatial dimensions and fusion power levels of an MCF device are de-
termined by the need to satisfy the core plasma performance criterion
(Eq. 1.2). Assuming that the desired performance can be reached with a
device within these constraints, the remaining challenge is to prevent un-
acceptable PFM heat load leading to damage and melting of the wall com-
ponents, and subsequent contamination and degradation of the plasma.
Furthermore, one has to provide sufﬁcient exhaust of helium ash to avoid
dilution of the plasma to such a point that the performance criterion (Eq.
1.2) cannot be maintained [3]. Therefore, the plasma region between the
burning core plasma, and the PFMs has to be able to meet the following
requirements simultaneously [5, 6]:
• Exhaust the power ﬂuxes ﬂowing through the scrape-off layer (SOL)
(Fig. 1.2) with loads less than 10 MW/m2 at the wall components.
• Exhaust helium ash by sufﬁcient pumping to limit the central plasma
helium concentrations below 6 %.
• Control the plasma density and fusion power by sufﬁcient pumping.
• Fuel the divertor plasma by recycling the wall recombined neutral par-
ticles back into the plasma.
• Ensure sufﬁciently low impurity levels in the main plasma, by screen-
ing and reduction of wall erosion, to avoid degradation of the plasma
performance.
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Figure 1.2. The 2011 divertor in the Joint European Torus in a vertical divertor plasma
target conﬁguration
Limiter and divertor conﬁgurations
The two standard arrangements for the plasma-surface interaction (PSI)
in tokamaks are limiter and divertor conﬁgurations. In a limiter con-
ﬁguration, a solid material limiter intersects the nested magnetic ﬂux
surfaces, such that the tip of the limiter deﬁnes the last closed ﬂux sur-
face (LCFS). The region of the open magnetic ﬂux surfaces connected to
the wall components, along which the plasma scrapes-off radially due to
the parallel sink action of the solid surfaces, is called the scrape-off layer
(SOL). In a divertor conﬁguration, the SOL plasma is diverted into a sep-
arate divertor chamber using additional divertor ﬁeld coils. The principal
PSI occurs at the specially designed divertor plates (Fig. 1.2). The sepa-
ratrix is the ﬁeld line separating the SOL from the core periphery, which
is the outer region of the closed ﬂux surfaces. The points or lines where
the separatrix intersects the target surfaces are called the strike points or
lines. The term LFS mid-plane (LFS-MP) refers to the mid-plane of the
cross-section of the toroidal cylinder at larger major radius values than
the magnetic axis. The LFS-MP region is often also called the upstream
SOL plasma, whereas the divertor plasma is called the downstream SOL
plasma. The private ﬂux region (PFR) is the plasma below the X-point
isolated by the separatrix. The divertor conﬁguration with a single ac-
tive magnetic X-point at the bottom of the cross-sections is called a lower
single null conﬁguration (Fig. 1.2). The plasma triangularity describes
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the horizontal displacement of the highest (upper triangularity) or low-
est (lower triangularity) point of the LCFS from the magnetic axis [12].
Positive triangularity stands for the magnetic axis being located at larger
radial position than the highest or lowest point of the LCFS.
The limiter conﬁguration provides a good utilization efﬁciency of the
magnetic volume inside the toroidal ﬁeld coils. However, since the con-
ﬁned plasma within the closed ﬂux surfaces is in a direct contact with the
solid material limiter, controlling screening and wall erosion is a signiﬁ-
cant challenge in this conﬁguration. Furthermore, limiter conﬁgurations
have difﬁculties providing sufﬁciently high neutral pressures in front of
the pumps to allow sufﬁciently high pumping for helium ash and density
control. However, pumped limiter concepts have been developed to al-
leviate this issue [27, 28]. For power ﬂux control, a carefully optimized
wall limiter could possibly reach sufﬁciently high plasma wetted area,
which is the area of the wall in contact with the plasma, so that the wall
power ﬂuxes would be tolerable. However, this would require a high level
of plasma position control and careful avoidance of leading edges at the
PFMs, and is very challenging to realize technologically in a reactor scale
device.
The divertor conﬁguration is designed to provide adequate particle and
power control in a tokamak. Although the divertor does occupie some of
the valuable plasma volume, and, therefore, reduces the utilization efﬁ-
ciency of the magnetic volume, it also offers many operational advantages.
Divertors were originally proposed to alleviate the impurity contamina-
tion problem in MCF devices by separatring the main source of impuri-
ties, PSI, from the conﬁned plasma region [29]. Compressing the recycled
neutrals into the divertor chamber facilitates pumping and enhances the
control of fuel, impurity, and helium exhaust. In principle, focusing the
exhausted plasma into a small divertor chamber increases the heat ﬂux
densities towards the PFMs relative to more uniform plasma contact to
PFMs, which makes the power exhaust problem of a diverted tokamak
more challenging. However, increasing the plasma volume between the
conﬁned region and the PFMs, as is the case in the divertor conﬁguration,
facilitates the volumetric power losses by radiation, charge exchange, and
recombination, which are foreseen to compensate the drawback caused by
the reduced wall area. Furthermore, injection of external impurities, such
as nitrogen or neon, can be used to increase the radiative power losses in
the conﬁned and divertor plasma, therefore reducing peak heat ﬂuxes in
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the divertor. This is called the radiative divertor concept, and the injec-
tion of extrinsic impurites impurity seeding. Moreover, atomic processes
and plasma transport in the divertor chamber provide plasma cooling in
front of the divertor target plates. This reduces erosion of wall materi-
als, may enhance divertor retention of impurities, and provides access to
divertor detachment, where neutral friction and volume recombination of
the plasma can become signiﬁcant and the wall power ﬂuxes are strongly
reduced, due to the reduced plasma contact with the wall [30].
Plasma sheath
In front of a solid surface in contact with plasma, a thin region of net
positive volume charge is formed. This is called the sheath. Due to the
large inertia difference between electrons and ions, negative electric ﬁeld
forms in front of the solid surface to push away electrons and pull ions
towards the surface to maintain ambipolar plasma ﬂow to the plate [31].
The typical sheath thickness is about 5 Debye lengths, which is the char-
acteristic scale length for spontaneous thermal charge separation in a
plasma λD ∼
√
0Te
nee2
, where 0 is the vacuum permittivity, and e the unit
charge [12]. For typical tokamak divertor conditions (Te ∼ 0.5 – 40 eV,
ne ∼ 0.5× 1020 – 10× 1020 m−3) λD  1 mm  Lconnection, where Lconnection
is one half of the length from the LFS divertor target to the HFS divertor
target along the magnetic ﬁeld line. The plasma potential drop within
the sheath depends on, at least, the dominant plasma species, the elec-
tron temperature, and temperature difference between the main ions and
electrons [31]. Assuming hydrogenic plasma ions with small temperature
difference between the main ions and electrons, Vsheath ∼ −3Te/e is ex-
pected to give a good representation of the sheath potential drop and this
value is used in this study [31]. A further consequence of the sheath is
that the plasma ﬂow accelerates to sonic or super-sonic velocities at the
plasma-sheath interface [31 – 33]. This is called the Bohm criterion.
Plasma-facing materials (PFM)
Plasma-facing materials in burning DT plasma devices must meet sev-
eral criteria simultaneously. These include resistance to damage by large
steady-state heat loads, resilience to transient heating and MHD events,
sufﬁciently long component lifetime against erosion by the plasma, and
minimization of tritium retention in the vessel [6]. Tritium retention is a
safety issue due to an administrative limit on the inventory of in-vessel
radioactive material. Once these limits are reached, an active cleaning in-
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tervention is required prior to further machine operation. Reaching this
limit too frequently reduces the duty cycle of a power plant below econom-
ically attractive values.
Various PFM have been considered within the history of MCF devices
[34]. The main materials considered in modern tokamaks are carbon,
beryllium, tungsten, and molybdenum. For the past decades, carbon based
materials have been the favored PFM solution in MCF devices [34]. This
followed from the operational success of NBI heated discharges at Prince-
ton Large Torus (PLT) tokamak reaching high performance after chang-
ing tungsten limiters to graphite [35]. Tungsten, as a high atomic num-
ber species, retains some of its orbital electrons even in the high tem-
peratures of the central plasma, and, therefore, radiates intense line-
radiation in the conﬁned plasma. Carbon, on the other hand, becomes
fully stripped in the conﬁned plasma temperatures, and the associated
impurity induced, radiative losses are reduced to the Bremsstrahlung
level. On the other hand, carbon surfaces undergo sublimation instead
of melting, when overheated [34]. Therefore, carbon is a very versatile
PFM in tokamaks, avoiding surface irregularities in high PFM heat ﬂux
conditions as well as in off-normal events, such as strong ELMs or disrup-
tions. Due to these reasons, carbon PFM based tokamaks have reached
the world records in terms of fusion triple product (1.5 × 1021 m−3keVs)
at JT-60U [14], as well as total generated fusion power (16.1 MW) at JET
[18]. The main drawbacks of carbon as PFM in reactor scale devices are
strong retention of tritium in co-deposited layers with carbon, and high
erosion rates even in cool plasma conditions due to chemical erosion [34,
and references therein]. Due to these reasons, the focus of MCF research
on PFMs has returned to metals as the solution for reactor scale devices.
Nowadays, metallic PFMs are used in many fusion-relevant tokamak ex-
periments worldwide. JET utilizes ITER-like combination of beryllium
main chamber and tungsten divertor PFMs (Fig. 1.3) [5, 36] , the ASDEX-
Upgrade (AUG) tokamak features full tungsten PFM coverage [37] , and
the Alcator C-Mod tokamak uses molybdenum PFMs [38].
The currently leading candidate material for divertor PFMs is tung-
sten due to its low retention of fuel species and resistance against ero-
sion in partially detached plasma conditions [39]. Tungsten erosion due
to plasma and trace impurities can be very strongly suppressed if plasma
electron temperatures below 5 – 10 eV are obtained in front of the PFM
surfaces [40]. However, even in such low temperature conditions, in H-
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mode plasmas, tungsten erosion still occurs during ELMs [40, 41]. In
future reactors, the main chamber PFMs are likely to be made of tung-
sten to reach sufﬁciently long component lifetime [42]. The ITER main
chamber material is beryllium to optimize the plasma performance by
minimizing the radiation losses in the main plasma [5]. However, the life-
time of beryllium is too short, due to high physical sputtering yield and
low melting temperature, to allow acceptable component duty cycle for
practical power plant usage [34, 42].
Impurity radiation is a major issue with tungsten. As tungsten is a high
atomic number element, the ionization potentials for the electrons at low
level orbits are fairly high and, hence, tungsten retains some of its orbital
electrons even in the plasma temperatures relevant for fusion reactors.
Therefore, tungsten contamination leads to strong line radiation, which
can be detrimental for the plasma performance. In fact, tungsten concen-
trations of a few 10−5 tungsten particles per plasma electron can prevent
reactor relevant achievement of the performance criterion (Eq. 1.2) [43].
Accordingly, controlling tungsten sources and transport is one of the criti-
cal problem areas in fusion reactors in which tungsten PFMs are used. To
address the plasma operation with tungsten divertor and beryllium main
chamber PFMs, the ITER-like wall (ILW) was installed into the JET toka-
mak in 2011, with bulk tungsten outer target plate, tungsten coated car-
bon ﬁbre composite (CFC) at the divertor bafﬂes and beryllium limiters in
the main chamber [36] (Fig. 1.3).
Figure 1.3. JET after the installation of ILW. The remote handling manipulator is con-
ducting ﬁnal adjustments. [36]
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1.3 Scope of the thesis
This thesis focuses on numerical and experimental studies of divertor
performance in JET H-mode plasmas with and without extrinsic impu-
rity seeding. Interpretations of radiative divertor studies with impurity
seeding using the EDGE2D-EIRENE multi-ﬂuid code package will be pre-
sented, including validation of the simulations tool by comparison to ex-
perimental data, and identiﬁcation of discrepancies between the experi-
ment and the model [44 – 46]. The simulations encompass detailed com-
parison of predicted and measured divertor conditions and 2D power- and
line-radiation distributions, investigations of the impact of wall material
(full carbon and ITER-like wall) on the radiative divertor performance,
investigations of the impact of divertor geometry on the radiative diver-
tor performance, and comparison of radiative divertor performance with
nitrogen and neon radiation. Furthermore, predictions for tungsten re-
tention in the divertor chamber with Monte-Carlo code DIVIMP were con-
ducted based on earlier EDGE2D-EIRENE calculations for H-mode plas-
mas in JET with the previous carbon wall [47].
The thesis is organized as follows. Chapter 2 presentes an overview of
power exhaust physics in tokamaks. In chapter 3, tungsten concentration
control in tokamaks is discussed. The main results of the Publications I
– IV on radiative divertor studies are summarized in chapter 4, and the
main results of the Publications V – VI on divertor retention of tungsten
are given in chapter 5. Finally, chapter 6 concludes the work and presents
an outlook for suitable avenues for further research.
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2. Power exhaust in tokamaks
2.1 Power exhaust challenge
The divertor targets in reactor relevant operation must endure surface
heat ﬂuxes in the range of 5 – 10 MW/m2, while operating at core plasma
conditions satisfying the required performance criteria (Eq. 1.2) [6]. The
severity of the heat load issue is often discussed in terms of PHEAT/R or
PSEP/R-ratio of the device in question, where PHEAT is the total heating
power to the plasma, PSEP is the power crossing the separatrix, and R
is the major radius of the device [48 – 50]. This is based on the experi-
mental ﬁnding that the SOL power e-folding length, λq, does not depend
on the machine size [51], and that the parallel power ﬂux in the SOL is
approximately given by [30]
q‖,SOL ≈
PSEPAq95
4πRλq
∝ PSEP
R
(2.1)
where A represents the tokamak aspect-ratio (major radius divided with
minor radius), and q95 stands for the edge plasma safety factor, of a typ-
ical value of 3 – 6. A single poloidal divertor is assumed. The safety
factor is the number of toroidal circuits that a magnetic ﬁeld line com-
pletes during a full poloidal revolution, and represents the pitch angle of
the magnetic ﬁeld. A λq ∝ R -scaling has also being suggested in the
literature [52, and references therein], and a full consensus about the λq-
scaling does not yet exist. The λq ∝ R -scaling would consequently give
PHEAT/R
2-scaling for the target heat ﬂuxes, which would be a more fa-
vorable scaling for reactor heat loads. Furthermore, attempts to extend
the set of dimensionless plasma performance parameters (collisionality,
ν∗, normalized gyro-radius, ρ∗, and β) to divertor physics by inclusion of
atomic physics effects require identity of the absolute reference plasmas
temperature [50]. In the original approach of Lackner, this also lead to
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PHEAT/R-scaling for partial divertor physics similarity across devices (β
not preserved) [50]. Later studies by Hutchinson et al., allowing geomet-
rical ﬂexibilities in the divertor plasmas, show that divertor similarity
could be achieved at heating powers scaling sublinearly with R [53]. Nev-
ertheless, the conventional PHEAT/R-scaling is used as the ﬁgure of merit
for the severity of the power exhaust problem in this study.
Table 2.1. Estimated PHEAT/R-values, LFS mid-plane SOL power ﬂuxes, q‖, LFS-MP, pro-
jected unmitigated surface heat ﬂuxes, and surface heat ﬂuxes assuming
power fall-off length along the target, λint = 2.6 mm, in AUG, JET, ITER,
and DEMO as given in [54]. A power fall-off length λq of 1 mm at the LFS-mid
plane is assumed.
AUG JET ITER DEMO
Major radius (m) 1.7 3.0 6.2 > 7
Heating power (MW) 23 ∼38 ∼100 ∼600
PHEAT/R 14 7 – 12 20 80 – 100
q‖,LFS-MP (GW/m2) 3.5 2 5 >30
Unmitigated q⊥ (MW/m2) 35 20 50 300
q⊥ assuming λint = 2.6 mm (MW/m2) 13 8 20 115
A factor of 200 heat ﬂux reduction between the main SOL and the di-
vertor target is predicted necessary in JET, assuming maximum available
heating power, to reach the level of 10 MW/m2 (Table 2.1). In ITER, the
factor is around 500, and in a fusion reactor type device about 3000. The
two largest existing tokamaks, JET and JT-60U, have PHEAT/R ∼ 7 – 12,
ITER will have PHEAT/R ∼ about 20, and a DEMO sized tokamak will
have PHEAT/R about 80 – 100 [49] (Table 2.1). Assuming a λq of about 1
mm [51, 55], it was shown that the upstream power ﬂuxes parallel to the
magnetic ﬁeld in JET can reach about 2 GW/m2, in ITER about 5 GW/m2
and in a DEMO sized reactor more than 30 GW/m2. Including the impact
of geometrical factors, ξ, such as ﬂux expansion and ﬁeld-line angle to the
divertor plate, of which the latter is limited to values higher than 1 de-
gree, and radiation fraction in the SOL, frad, SOL, the target power ﬂux,
q⊥, surface, is given approximately by
q⊥,surface ≈ ξ(1− frad,SOL)q‖,SOL (2.2)
In conventional divertors, the heat ﬂux projected on the divertor surface
can be about a factor of 100 lower than the parallel heat ﬂux on the surface
(Table 2.1). When adding the expected power spreading in the divertor,
this reduction becomes largely sufﬁcient for existing devices [51, 54, 56,
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57]. In ITER, however, a further factor of 2 – 5 reduction is needed, and
a factor of 10 – 30 is required in reactors. This additional reduction must
come from the radiative power exhaust. Accordingly, the goal radiative
fraction for ITER is about 70 – 80%, while the values predicted necessary
in reactors approach 100%.
2.2 Radiative power exhaust
The future fusion reactors are foreseen to operate with metallic plasma-
facing materials to ensure low erosion rates, and low tritium retention.
The conventional method to increase the radiative fraction of tokamak
plasmas with metallic PFMs is to inject extrinsic radiating impurities into
the plasma. This is called impurity seeding. Typical seeding gases are
nitrogen, neon, argon, and krypton [58, 59]. Radiative power removal to
reduce the divertor heat ﬂuxes occurs in three stages (Fig. 2.1) [30, 58] :
• Radiative cooling inside the separatrix (core and mantle radiation).
• Radiative cooling in the SOL and divertor.
• Plasma power, pressure, and particle ﬂux reduction in the divertor due
to atomic and plasma transport processes relevant in low temperature
(Te < 2 eV), high density (ne ∼ 1021 m−3) hydrogenic plasmas, also
known as detachment.
In the ﬁrst stage, radiation in the main plasma, inside the separatrix,
by bremsstrahlung and line-radiation in the core and core periphery (Fig.
2.1), is used to reduce the loss power, PLOSS, or the power crossing the
separatrix, PSOL:
PLOSS = PHEAT − PRAD, CORE (2.3)
PSOL = PHEAT − PRAD, CORE − dWdt (2.4)
where PHEAT is the total heating power in the experiment, PRAD,CORE the
total radiated power inside the separatrix, and dW/dt the rate of change
of the plasma stored energy. These deﬁnitions of PLOSS and PSOL are used
throughout this doctoral thesis.
The radiative loss function scales roughly with the atomic charge Z3 in
core relevant conditions for coronal equilibrium (Fig. 2.2) [58]. There-
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Figure 2.1. Schematic of the radiative power exhaust and radiative divertor concept in
tokamak plasmas. The concept and schematic have been obtained from [31,
58, 60].
fore, higher atomic number species are more efﬁcient radiators in the
core and periphery plasma temperatures of 0.1 – 10 keV, and cause less
fuel dilution (increase of Zeff) for a given amount of radiated power than
lower atomic number species. The maximum operational core radiation
is generally limited by performance requirements in reactors. Firstly, ro-
bust high performance H-mode operation requires a minimum amount of
power crossing the separatrix [22]. Secondly, fuel dilution by impurity
contamination reduces the fusion power as Z−2eff , where Zeff is the effective
charge state of the plasma. Moreover, in reactor scale plasmas, the ra-
diated power losses due electron deceleration radiation, Bremsstrahlung,
which scale linearly with Zeff, can radiate tens of percents of the alpha
heating power [30, and references therein]. Therefore, strong core periph-
ery radiators, such as argon and krypton, are used for the formation of
the core periphery radiative mantle (Fig. 2.1) [5], since they allow higher
PRAD with less increase of Zeff than less effective core radiators, such as
nitrogen and neon.
The operational window for radiative cooling inside the separatrix in
ITER is anticipated to be very limited, since ITER is predicted to operate
only marginally above its LH-transition threshold in H-mode plasmas. In
the ITER Q = 10 scenario, the total external and alpha heating power to
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the plasma is estimated to be about 150 MW, whereas about 70 – 100 MW
of power crossing the separatrix is expected to be required to maintain a
high performance H-mode [22, 48]. However, in a DEMO-level tokamak
operating with fusion powers of 2.5 – 5 GW, the core radiation contribu-
tion needs to be signiﬁcantly higher to accommodate the limited radia-
tive capability of the divertor plasma [17, 30, 48]. Furthermore, radiating
most of the power in the divertor chamber at DEMO relevant power levels
would yield photon power densities on the divertor components exceeding
the engineering limits.
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Figure 2.2. a) Radiative loss function Lz (Wm3) in coronal equilibrium of N, Ne, Ar, and
W, at an electron density of 1020 m−3. b) Radiative loss function Lz (Wm3)
at an electron density of 1020 m−3 for impurity conﬁnement times, τ , of 0.1
ms (dashed lines) and 10 ms (solid lines). The former represents typical JET
divertor conditions, and the latter high density reactor divertor conditions
[58]. The colors stand for nitrogen (black, N, Z = 7), neon (red, Ne, Z = 10),
argon (blue, Ar, Z = 18), and tungsten (orange, W, Z = 74). The curves are
calculated with reaction and radiation rates obtained from ADAS [61]
The second stage in the radiative power exhaust is the radiative power
removal in the SOL and divertor plasma (Fig. 2.1). Once entered the
SOL, the power is transported towards the divertor targets, dominantly
via electron heat conduction, due to low electron inertia [31]. The power
enters the SOL dominantly around the LFS-MP region. This is thought
to be largely due to the following three factors:
• A tokamak plasma has a larger surface area over its LFS than HFS.
Even if the power ﬂow density across the separatrix would be uniform,
the LFS SOL would receive more power than the HFS.
• The magnetic ﬂux surfaces on the LFS are compressed with respect to
the HFS due to the Shafranov shift of the equilibrium [12]. The ﬂux
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surfaces are more compressed at the LFS than at the HFS. If the cross-
ﬁeld heat ﬂux is proportional to radial gradients, the LFS power ﬂow is
further enhanced relative to the LFS.
• The plasma curvature on the LFS is unfavorable relative to the ther-
mal pressure gradient of the plasma [62]. Therefore, the LFS features
stronger microturbulence than the HFS, increasing the cross-ﬁeld trans-
port levels. This is called ballooning transport [6, and references therein].
In the SOL, the total plasma pressure can be assumed approximately con-
served, and the temperature reduction towards the divertor is associated
with an increase in the plasma density. Deviations from an exact pressure
balance along the ﬁeld lines are caused by plasma momentum transport
to adjacent ﬂux tubes due to cross-ﬁeld diffusion and viscosity. Near the
X-point region, this can lead to pressure imbalances along the separa-
trix ﬁeld. However, in this description of radiative divertor physics, the
pressure is assumed conserved. Once the temperature downstream in the
divertor is reduced to sufﬁciently low values, the low atomic number im-
purities can form a radiation zone in the divertor (Fig. 2.1). Low atomic
number impurities, such as nitrogen, are strong radiators at electron tem-
peratures of 5 – 30 eV (Fig. 2.2), while for the core and peripheral plasma
temperatures they are fully stripped and their radiation is reduced to the
residual Bremsstrahlung levels.
Since the impurity residence time (∼ 0.1 – 1 ms) in the divertor plasma
is usually signiﬁcantly shorter than the collisional-radiative equilibration
time (> 10 – 20 ms), the radiative losses cannot be calculated using the
coronal equilibrium values (Fig. 2.2). As an impurity particle is externally
injected or recycled into the divertor plasma, it emits line radiation while
simultaneously ionizing to higher ionization states. The non-coronal ef-
fects can increase the effective radiative potential of the injected or re-
cycled impurities by orders of magnitude (Fig. 2.2) [6]. Especially for
nitrogen, a signiﬁcant increase occurs due to the non-coronal radiation
for temperatures above 10 eV. Accordingly, non-coronal effects are antic-
ipated to have a strong impact on the nitrogen radiation in the divertor
plasma. For neon, the increase takes place for temperatures above 40
eV, and the impact of non-coronal effects on the divertor radiation is an-
ticipated to not be as signiﬁcant as with nitrogen. Furthermore, neon
radiation becomes signiﬁcant only for electron temperatures above 10 eV.
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Consequently, in JET, neon is not anticipated to be as strong a divertor
radiator as nitrogen. In reactor scale devices, the stronger radiation of
neon in temperatures above 15 eV may give advantage over nitrogen (Fig.
2.2).
The third step in reducing divertor heat loads to acceptable values is
the achievement of plasma detachment at the strike point in the diver-
tor. In divertor detachment, the plasma pressure in front of the target
plate, as well as the plasma particle ﬂux to the target plate, are strongly
reduced. The most important pressure loss mechanisms in the vicinitiy
of the strike points, where the particle and power ﬂuxes are expected to
peak, are charge exchange of hot plasma ions with cool recycled neutrals,
collisions between deuterium ions and molecules, cross-ﬁeld transport of
momentum to adjacent ﬂux tubes, and recombination due to 3-body, radia-
tive, and molecular assisted processes [3, 58]. As a result of detachment,
the power ﬂux to the plate as well as the divertor erosion rates, which are
determined by the plasma particle ﬂux, the impurity concentration and
the divertor temperature, are strongly reduced. The total energy ﬂux in-
cident on the divertor plate, QTOT, from electron and ions can be expressed
as
QTOT = ΓD(EB + γeTe + γiTi) (2.5)
where ΓD is the incident particle ﬂux, EB the binding energy released
in the surface recombination of electrons and hydrogenic ions to atoms
(13.6 eV) and molecules (4.5 eV) [5, 31, 54]. The sheath heat transmission
coefﬁcients for electrons, γe ∼ 4.5, and ions, γi ∼ 2.5, are kinetic correction
factors representing the amount of power deposited on the surface per a
particle, in a given temperature, hitting the surface [31, and references
therein]. The equation (2.5) shows that even if the plate temperatures
are reduced to low values in the range of 1 eV, the binding energy terms is
signiﬁcant and further reduction of QTOT requires reduction of ΓD, which
is achieved in divertor detachment [5, 54].
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2.3 Detachment
2.3.1 SOL collisionality
The divertor operation regimes are often discussed in order of increasing
SOL collisionality
ν =
Lconnection
λmfp
=
1
K
(2.6)
where λmfp is the Coulomb collision mean-free path, Lconnection one half of
the length along the magnetic ﬁeld line from LFS target to the HFS tar-
get, and K the Knudsen number for Coulomb collision [5, and references
therein]. Each collisional process in the plasma has its own Knudsen
number, which represents the ratio of the collisional mean-free path to
the characteristics scale lengths in the system. If the Knudsen number is
small for a given process (high ν), a diffusive or ﬂuid description is valid.
Otherwise, a kinetic description is required.
The thermal Coulomb collision mean free paths for self-collisions are
approximately given by [31]
λii ∼ λee ∼ 10
16T 2
ne
(2.7)
where λ is in (m), T in (eV), and ne in (m−3). Near the divertor plate,
T ∼ 0.1 – 20 eV, n ∼ 1020−21 m−3, and L ∼ a few m, leading to K  1.
Therefore, ﬂuid equations, as given in [63], are expected to give a valid
description of the transport physics parallel to the magnetic ﬁeld lines in
this region, although non-local kinetic corrections may be required [64,
and references therein]. Since electron heat conduction is dominated by
the tail-end of the electron energy distribution with energies in the range
of E ∼ (3 − 5)Te, and the λee increases with E2, kinetic corrections to the
classical rates arise even for K ∼ 0.01 [5, 64 – 66, and references therein].
If the ﬂuid description is valid, the electron heat transport parallel to the
magnetic ﬁeld lines can be simulated as a ﬂuid transport process charac-
terized by thermal conductivity [63, 67]:
q‖,e = −K‖,eTe = −κ0,eT 5/2e ∇‖Te (2.8)
The coefﬁcient κ0,e is determined by Coulomb collisions and scales pro-
portional to m−1/2. Therefore, heat conduction through ion channel is a
factor of (me/mi)1/2 ∼ 60 lower than that of electron. As a result, ion
temperatures in the upstream SOL are often higher, by a factor of 1.2 –
2, than electron temperatures. Hence, whereas electron heat transport is
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dominated by heat conduction, both convective transport and collisional
energy transfer to electrons can be important for ions. In the divertor
chamber, on the other hand, charge exchange cooling due to deuterium
atom densities of 1020 m−3 can reduce local ion temperatures below those
of electrons.
2.3.2 Neutral processes in the SOL and divertor
Plasma ions colliding with the PFMs in a fusion reactor recombine to
form neutral atoms and molecules. In steady conditions, when the wall
reservoir of these atoms, NWALL, is changing slowly in time relative to the
plasma ﬂux to the wall, ΦD+ , dNWALL/dt  ΦD+ , the wall emits neutral
atoms and molecules, ΦD0,D2 , approximately at equal rate to the plasma
ﬂux to the wall. This process is called recycling, and it provides the dom-
inant fuel particle source in the divertor and SOL plasma. As a result of
recycling, the neutral atom and molecular densities and pressures in the
divertor and SOL are typically sufﬁciently high to have a considerable
impact on the divertor plasma characteristics. Molecules and atoms orig-
inating at the PFMs travel through the plasma ions and neutrals into the
plasma volume until they are ionized. Depending on the Knudsen num-
ber (collisionality) of the neutrals, this transport can be described either
as a diffusive ﬂuid or as a kinetic process. While traveling through the
plasma, neutral atoms and molecules undergo excitation, de-excitation,
ionization and recombination processes. The important processes for H,
H+, H−, H2, and H+2 are listed in the Tables 2.2 and 2.3 [68 – 84, and
references therein].
Table 2.2. The set of atomic processes for deuterium considered most important for SOL
and divertor plasmas in tokamaks.
# Name of the process Reaction
1. Ionization [70, 73] D+ e → D+ + 2e
2. Radiative recombination [70, 73] D+ + e → D+ hν
3. 3-body recombination [70, 73] D+ + 2e → D+ e
4. Charge exchange (CX) [69, 72] D+D+ → D+ +D
5. Elastic collision [71, 73] D+D+ → D+D+
6. CX recombination [73, 80] D+ +D− → 2D
For divertor plasmas with ne ∼ 1020−21 m−3, the times for electron exci-
tation, de-excitation, and ionization are comparable to the radiative decay
time for the excited states of hydrogen. Therefore, multistep processes
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Table 2.3. The set of molecular processes for deuterium considered most important for
SOL and divertor plasmas in tokamaks.
# Name of the process Reaction
7. Dissociation [70, 73] D2 + e → 2D+ e
8. Dissociative ionization [70, 73] D2 + e → D+D+ + 2e
9. Non-dissociative ionization [70, 73] D2 + e → D+2 + 2e
10. Dissociative attachment [69, 72] D2 + e → D+D−
11. Molecular elastic collision [71, 73] D2 +D+ → D2 +D+
12. Ion conversion [73, 78] D2 +D+ → D+2 +D
13. Dissociative recombination [73, 79] D+2 + e → 2D
14. Dissociative excitation [69, 73] D+2 + e → D+D+ + e
15. Dissociative ionization [69, 73] D+2 + e → 2D+ + e
can be important for the reaction rates. Furthermore, for electron tem-
peratures below about 2 eV, 3-body recombination can become signiﬁcant.
For these reasons, a collisional-radiative treatment is necessary for hydro-
genic species in MCF devices [84, 85]. Generally, the collisional-radiative
treatment increases the ionization and recombination rates and reduces
the radiative emission rates relative to models ignoring the multi-step,
and 3-body processes, and collisional de-excitation.
In electron temperatures relevant for low to moderate electron collision-
ality SOL plasmas, 10 – 200 eV, the plasma conditions are strongly ioniz-
ing, and the dominant reactions for neutral atoms are ionization (reaction
1) and charge exchange (reaction 4) (Table 2.2). The charge exchange
cross-section is roughly twice of that of ionization. In these conditions,
charge exchange acceleration of neutral particles with hot plasma ions
contributes to fuelling of the pedestal plasma. In the divertor, on the
other hand, due to comparable and short ionization and charge exchange
mean free paths, λCX ∼ λIZ, the impact of charge exchange transport of
ion momentum and energy is not expected to have a strong impact on
the plasma conditions in these temperatures [5, 30, 86, 87]. The cross-
sections for molecules depend on the roto-vibrational excitation levels [5].
For electron temperatures above 10 eV, the non-dissociative ionization (re-
action 9) dominates over the other channels, producing D+2 from D2 (Table
2.3). The resulting D+2 is then dissociated predominantly through the dis-
sociative excitation channel (reaction 14), producing D+ and D0, which is
ionized through the atomic reactions [73].
In highly collisional SOL conditions, at divertor plasma temperatures
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less than 5 – 10 eV, the ionization cross-section for deuterium atoms is re-
duced strongly with decreasing electron temperature (Table 2.2, Fig. 2.3).
As a result, the neutral atomic particles can experience multiple charge
exchange (reaction 4) and elastic (reaction 5) collisions with the plasma
ions before ionizing. At divertor Te below about 1 eV, the electron-ion vol-
ume recombination due to 3-body and radiative processes (reactions 2 and
3) can become strong enough to provide a plasma particle sink comparable
or greater to the surface recombination. Especially, the 3-body recombi-
nation increases strongly as a function of reducing electron temperatures
below 1 eV and with increasing electron densities (Fig. 2.3).
Figure 2.3. Charge exchange, recombination, and ionization rates for hydrogen as a func-
tion of background electron temperature [13, 85]
For molecules, in low temperature plasmas, Te < 10 eV, dissociation of
D2 to fast, 2 – 3 eV, Franck-Condon atoms dominates over the other chan-
nels, for ground state excitation levels. Including the roto-vibrational ex-
citations increases the reaction rates for the ion conversion (reaction 12)
and dissociative attachment (reaction 10) channels, which together with
dissociative recombination (reaction 13) and charge exchange recombina-
tion (reaction 6) provide molecular assisted volume recombination (MAR)
[88, 89, and references therein]. In both channels, one electronically ex-
cited deuterium atom is produced. This can either decay to ground state or
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be re-ionized. Only in the case of decay to ground state do these processes
qualify as recombination channels [89]. Due to strong re-ionization of the
produced excited deuterium atoms, the effective recombination enhance-
ment is strongly reduced relative to expected values not taking multi-step
processes into account. As a result of this effect and the fact that the vi-
brational distribution of the molecules does not depend on the electron
density, MAR enhancement in addition to 3-body and radiative recombi-
nation channels is expected to be strongest at lowest densities [89]. There-
fore, for high density, reactor scale divertor operation in ITER, volume
recombination is predicted to be strongly dominated by 3-body and radia-
tive processes ([90], and references therein). In multi-ﬂuid modelling, the
molecular elastic collision (reaction 11) is typically observed to provide a
signiﬁcant momentum loss channel for the divertor plasmas in low tem-
perature conditions [68, 91 – 95].
Furthermore, at sufﬁciently high neutral deuterium densities, absorp-
tion of Lyman radiation becomes important in the divertor plasma. This
reduces the effective recombination rates and increases the ionization
rates accordingly [89, 90, and references therein]. Neutral-neutral col-
lisions become important once the neutral collisional mean free path be-
comes comparable to the characteristic spatial dimension of the system
[89, 90, and references therein]. Both of these effects are expected to be
important for more realistic simulations of the next step devices, such as
ITER, due to their larger size and higher deuterium atom densities and
pressures, whereas they are expected to be of less importance in existing
devices. However, Lyman radiation trapping can become signiﬁcant in ex-
isting devices in high density, detached conditions, and, especially, in con-
ditions of strongly localized radiation-condensation (MARFE-like [96, 97])
formation at the X-point.
2.3.3 SOL regimes
Increasing plasma collisionality, ν, coincides with increasing density at
constant input power or increasing radiation loss at constant upstream
density. For ﬁxed input power, ν can be increased in the experiment either
by increasing deuterium or impurity injection. The SOL divertor plasmas
are conventionally divided into three different regimes in the order of in-
creasing plasma collisionality: sheath-limited, conduction limited, and de-
tached regime (Fig. 2.4). Figure 2.4 illustrates a representative set of ex-
perimentally measured divertor conditions with increasing plasma den-
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Figure 2.4. Upstream (SOL) and downstream (divertor) proﬁles of electron pressure and
temperature for three difference SOL/divertor plasma regimes in Alcator C-
mod: a) Sheath limited, b) Conduction limited / High recycling, and c) De-
tached. The ﬁgure is taken from [98, 99]. ρ is the ﬂux surface coordinate
mapped to the LFS-MP.
sity and collisionality in ohmically heated Alcator C-mod plasmas [98].
Different ﬂux surfaces in the SOL as well as the HFS and LFS divertor
targets do typically feature different SOL regimes simultaneously. The 3
divertor regimes can also be qualitatively observed in a collisionality (den-
sity) scan simulated with the multi-ﬂuid package EDGE2D-EIRENE for
JET H-mode conditions (Fig. 2.5). The illustrated simulations are those
published in Publication I.
Sheath-limited regime
At low collisionality, ν ∼ 2 – 10, relevant for low density, high power,
low radiation conditions, the heat conductivity is large, and little thermal
variations are present in the SOL between the LFS-MP and the divertor
plate ([5], and references therein) (Figs. 2.4 and 2.5). As is observed at
ρ > 5 mm in Fig. 2.4a, both the electron pressure and temperature are
conserved along the magnetic ﬁeld lines between the LFS-MP and the
LFS divertor target, indicating sheath limited divertor conditions (Fig.
2.4a). The heat transfer to the plate is limited by the electrostatic sheath
potential forming in front of the plate [31], which is why this is called the
37
Power exhaust in tokamaks
SOL collisionality
10 20 30 40 50
(eV
)
0
10
20
30
40
50
60
70
80
90
100
SOL collisionality
10 20 30 40 50
(kP
a)
0
0.5
1
1.5
Te, LFS-MP
Te, LFS-DIV
Conduction limited Conduction limitedDetached Detached
pe, LFS-MP
pe, LFS-DIV
a) c)SOL collisionality
10 20 30 40 50
0
1
2
3
4
5
6
7
b)
Conduction limited
ILFS-DIV 
(1023 s-1)  
Jsat, peak, LFS 
(MA/m2)
Detached
ne, LFS-DIV
(1020 m-3)
Srec 
(1023 s-1)
Figure 2.5. a) EDGE2D-EIRENE predictions of LFS-MP (red) and LFS-DIV electron
temperatures, b) LFS-DIV total saturation current (black, solid), peak sat-
uration current (red) and electron density (blue), total deuterium ion recom-
bination rate in the LFS SOL below LFS-MP (black, hollow), and c) LFS-MP
(black) and -DIV (red) electron pressures as a function of electron collision-
ality at the LFS-MP separatrix. The simulations contain deuterium as the
main ions, and beryllium as an impurity species, and are published as the
unseeded horizontal LFS divertor target cases in Publication I.
sheath limited divertor regime. Due to the large divertor temperatures
and power ﬂuxes, causing overheating and strong erosion of the divertor
PFMs, sheath limited regimes are not considered an appropriate opera-
tional regime for MCF reactors or even for existing fusion devices with
metallic PFMs.
Conduction limited regime (High recycling regime)
As collisionalities increase to values of νSOL > 10, the heat conductivity
in the SOL is reduced, such that parallel temperature gradient is formed
in the SOL. The heat transport in the SOL is predominantly limited by
the ability of the plasma to conduct heat parallel to the magnetic ﬁeld
(Figs. 2.4 and 2.5). Hence, this SOL regime is called conduction limited.
The plasma pressure is approximately conserved along the ﬁeld lines in
the SOL, and the temperature reduction towards the divertor is accom-
panied by an increase in the plasma density downstream (Fig. 2.4b, c,
and 2.5). Cross-ﬁeld spreading of momentum is expected to occur due to
cross-ﬁeld transport and viscosity, which is why exact pressure balance
between LFS-MP and targets cannot be assumed, as is seen in the pre-
sented EDGE2D-EIRENE simulations as well (Fig. 2.5c). Te at the sheath
can be reduced in this regime, since the power ﬂow through the sheath is
maintained by elevated ne at the sheath edge. In the ohmic C-Mod ex-
ample, conduction limited divertor conditions are also observed near the
strike point in the low ne plasma (Fig. 2.4a) and in the far SOL, ρ > 5
mm, in the high ne plasma (Fig. 2.4c).
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The divertor quantities in conduction limited regime can be estimated
by the 2-point model (2PM) assuming pressure conservation in the SOL,
for reasons discussed above, and that the heat is transported parallel to
the magnetic ﬁeld lines entirely via electron heat conduction without vol-
umetric power losses. The latter assumption is approximately equal to
assuming that the electron-ion heat transport is fast enough to ensure
that the dominant ion cooling channels is heat transport to the electron
channel, which eventually conducts the heat to the plate. With these as-
sumptions, and assuming that the divertor temperature, Tt, is at least a
factor of 2 lower than the upstream temperature, Tu, as well as neglecting
the surface recombination heat ﬂux (Eq. 2.5), one obtains relations for Tt,
Tu, nt, and ΓD as a function of nu:
Tu ≈
(
7quL
2κ0
)2/7
Tt ∝ n−2u
nd ∝ n3u
ΓD ∝ n2u
(2.9)
As is observed experimentally, Tt is reduced and ΓD increased propor-
tional to n2u. Due to the strong increase of ΓD, the conduction limited
regime is often called the high recycling regime. Furthermore, it is ob-
served that Tu is not predicted to depend on any other machine parame-
ters than on the upstream heat ﬂux. These kinds of relations are qual-
itatively observed in the more complete EDGE2D-EIRENE model also,
although the 2PM-like dependencies on nu are not preserved exactly (Fig.
2.5). The peak and total ion saturation currents represent the plasma
currents and ﬂuxes to the divertor plate, and are used here to be directly
comparable to experimental measurements. Experimentally, the satura-
tion currents are measured with electrical probes called Langmuir probes,
which measure the local I-V-characteristics of the plasma [31, 100]. The
saturation value of the ion current with increasing negative voltage is
directly proportional to the local plasma ﬂux.
The reduction of Tt in the conduction limited regime reduces physical
sputtering of the divertor plates, which reduces the main plasma contam-
ination levels and damage to the divertor PFMs. This is a routine opera-
tional regime in existing tokamaks. However, in reactor scale devices, the
increase of divertor particle ﬂuxes would yield recombination heat ﬂuxes
(Eq. 2.5) exceeding the engineering limits, and reduction of divertor par-
ticle ﬂuxes is required to reduce the heat ﬂuxes within PFM limits.
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Detached regime
The detached divertor regime occurs as an extension of the conduction
limited regime to high SOL collisionalities. Plasma detachment is a state
in which large pressure gradients are observed parallel to the magnetic
ﬁeld lines [86]. Experimentally, detachment is observed as a distinct re-
duction of divertor target pressures and saturation currents with increas-
ing collisionality (Figs. 2.4 and 2.5). In density scans, one of the most
typical characteristics of detachment is the roll over of the measured ion
saturation currents at the divertor plate (Fig. 2.5b). As a result of the
reduced plasma pressure and particle ﬂuxes at the divertor plate, the
plasma recombination power ﬂuxes to the divertor PFMs are strongly re-
duced. Therefore, divertor detachment is expected to provide access to
PFM heat loads within the material limits 5 – 10 MW/m2 in reactor scale
devices, while operating at upstream SOL plasma conditions consistent
with the desired machine performance chacteristics (Eq. 1.2) [6, 17].
Early analysis of detachment processes concentrated on ion-neutral fric-
tional processes as the explanation for the observed pressure and ﬂux re-
duction in the divertor chamber [86, 87, 101, and references therein] .
Later studies showed that although the ion-neutral friction processes can
explain the observed pressure drop along the ﬁeld, they cannot explain
the reduction of the integral particle ﬂux to the plate [102]. Inclusion of
volume recombination processes were found necessary in both numerical
and analytical models to reproduce the experimentally observed reduction
of divertor particle ﬂuxes with increasing ne [103, 104]. Strongly recom-
bining divertor plasmas in detached conditions were ﬁrst experimentally
observed in Alcator C-Mod [105], and later on also on other tokamaks:
JET [106], DIII-D [107], and AUG [108].
As the divertor electron temperatures are reduced below 5 eV, the peak
deuterium ionization front detaches from the divertor plate and moves
upstream. As a result, a region of high deuterium atom and molecule
density is formed between the ionization front and the divertor target
(Fig. 2.1). The frictional processes between the deuterium ions, atoms,
and molecules transfer momentum and energy from the plasma to the
neutral particles. Hence, plasma pressure in the divertor leg is reduced
relative to the upstream LFS-MP pressures (Figs. 2.4 and 2.5). Further-
more, if the divertor temperatures in front of the plate are reduced in the
range of 0.1 – 2 eV, the electron recombination rates by 3-body, radiative
and MAR processes can provide further reduction of the plasma particle,
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momentum and energy ﬂuxes (Fig. 2.5). 3-body recombination, indicative
of electron temperatures well below 1 eV and electron densities above 1020
m−3, is predicted to dominate over the other two recombination channels
for typical divertor conditions in ITER [89, 109]. Experimentally, MAR
has generally been found to be low in tokamaks [99]. Having stated that,
in low density conditions, where the 3-body recombination rates are re-
duced, MAR can reach recombination rates similar to those of 3-body re-
combination [110]. Further plasma momentum loss in the vicinity of the
divertor strike point can be provided by cross-ﬁeld viscosity and trans-
port of particles. In [111], improvement in agreement between simulated
and measured divertor conditions in high-recycling and detached plasmas
were obtained by rescaling the divertor cross-ﬁeld transport by factors of 1
– 10 relative to the cross-ﬁeld transport in the main SOL. These transport
processes can be driven by, for example, high poloidal β instability-driven
plasma convection in the region of low poloidal magnetic ﬁeld near the
X-point [112, and references therein].
Various levels of detachment can be deﬁned. In partially detached con-
ditions, a part of the plasma-wetted area is in a detached state, while the
remaining SOL remains attached to the plate [113]. In these conditions,
the ionization front has detached from the section of the plate considered
detached, but attached to the rest of the plate. If νSOL is increased from
a partially detached state, the plasma will evolve towards a complete de-
tachment, where the plasma is detached throughout the radial extent of
the divertor target, and the ionization front is completely detached from
the divertor target. Partially detached divertor plasma is thought to be
more controllable than a completely detached plasma. Furthermore, com-
plete detachment is thought to be correlated with reduction of the main
plasma performance. Due to these reasons, the target operation regime
considered for ITER is partial divertor detachment [6].
Based on particle conservation arguments, the total particle sources and
sinks must balance each other in plasmas in quasi steady-state condi-
tions: dN/dt  S, where N is the total number of particles and S is the
total source rate in the system. The source for plasma particles is pro-
vided by ionization of recycled and injected atoms and molecules, IIZ, and
the total sink is determined by the main chamber wall ﬂux, IWALL, diver-
tor target ﬂux, IDIV, LFS + HFS, and volume recombination, IREC, of these
particles:
IIZ ≈ IWALL + IDIV, LFS + HFS + IREC (2.10)
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Therefore, the particle ﬂuxes to the divertor plates, IDIV, LFS + HFS, can be
reduced by any of the following mechanisms [5, 104, 114, 115] (also Pub-
lication III):
• Increase in the deuterium volume recombination rate, IREC.
• Reduction in the deuterium ionization rate, IIZ.
• Increase of main chamber wall recycling, IWALL, relative to divertor re-
cycling, IDIV, LFS + HFS.
Pioneering work on identifying the reduction of IIZ as a signiﬁcant con-
tributor in the experimentally observed divertor particle ﬂux reduction in
detachment was conducted in Alcator C-Mod tokamak [115]. Similar to
the work in this doctoral thesis (Publications II and III), the reduction
of power ﬂow into the ionizing zone in the divertor was inferred as the
cause of reduced deuterium ionization in [115]. Detachment with very
low volume recombination sinks was experimentally observed with nitro-
gen injection in [115]. Pioneering work on investigating experimentally
the increase of main chamber recycling levels with increasing degree of
divertor detachment was also conducted in Alcator C-Mod tokamak [114].
Any satisfactory explanation of detachment must obey particle, momen-
tum, and energy conservation equations simultaneously. The total elec-
tron cooling rate by deuterium recycling is approximately linearly pro-
portional to the total deuterium recycling rate with the electron cooling
potential in the range of 20 – 30 eV for an ionization event ([31], and
references therein). The electron cooling rate due to interaction with deu-
terium atoms and molecules is composed by photon production, ionization,
and dissociation. The electron cooling rates increase non-linearly to high
values for Te < a few eV. However, since neutrals tend to simply pass
through the low Te regions in tokamak divertors to be ionized and excited
at higher Te values, these high electron cooling rates at low Te are not
of much importance. Therefore, reduction of the divertor particle ﬂuxes
without any increase in the main chamber or volumetric recombination
rates would yield reduction in the total deuterium recycling and electron
cooling rates. However, even if the deuterium recycling and electron cool-
ing rates are reduced, the measured radiated power from the plasma by
deuterium can still increase. This can happen if the volume recombina-
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tion increases simultaneously with reduction in the total volume and sur-
face recombination. The measured radiated power from the plasma can
increase due to the volume recombination contribution, which does not
contribute to cooling electrons, since this is ionization potential energy
radiated out of the plasma. Therefore, such lower deuterium recycling
plasma state can only be achieved if the total power ﬂow into the deu-
terium ionization zone in the divertor leg is reduced. Possible pathways
for this reduction are changes in the power transport distribution between
the main chamber wall and divertor legs, and radiative power exhaust in
the plasma above the deuterium ionization front. Hence, detachment sce-
narios without extrinsic impurities are not expected to satisfy the particle
and energy conservation equations simultaneously without an increase in
either the main chamber recycling or volumetric recombination rates. In
the EDGE2D-EIRENE simulations presented in the Fig. 2.5, the diver-
tor particle ﬂux reduction is obtained almost solely via increasing volume
recombination rate with increasing νSOL. However, increase in the radial
particle and power transport to the main chamber wall with increasing
degree of divertor detachment and resistivity might as well play a role in
the experimentally observed particle ﬂux reduction, but not be appropri-
ately captured by these EDGE2D-EIRENE simulations [114 – 119].
When using impurity seeding to increase the radiative power fraction
in the plasma to raise νSOL, the deuterium ionization rate can, on the
other hand, be reduced without violating the energy conservation equa-
tion (Publication III). In this situation, the impurity radiation provides
the dominant power exhaust channel for the SOL plasma, and an in-
crease in the deuterium ionization rate is not required to maintain the
power dissipation in the divertor. With sufﬁcient pressure reduction to
limit the deuterium ion ﬂow into the recombination region downstream
in the divertor leg, the recombination rates can be reduced simultane-
ously with the ionization rate. Hence, the plasma can obtain a lower total
deuterium recycling state, resulting into reduced divertor particle ﬂuxes,
as is observed experimentally [115] and (Publications II and III).
2.3.4 Impact of divertor geometry
Divertor development was one of the key drivers of design and upgrade
of the existing tokamaks in the 1990s [120 – 130, and references therein].
These divertors have been designed and optimized with the aid of multi-
ﬂuid SOL plasma simulation tools, which are discussed in the section 2.4.
43
Power exhaust in tokamaks
The aim in the design has been to optimize the beneﬁts that can be ex-
pected from a successful divertor operation:
• A large operating range of SOL collisionality in partially detached plasma
conditions with high radiative power losses, acceptable divertor surface
heat ﬂuxes below 10 MW/m2, and low PFM erosion levels.
• Sufﬁcient particle control by efﬁcient pumping of impurities and main
fuel ions, as well as by retention and enrichment of impurities in the
divertor plasma.
• Helium exhaust capability to remove fusion ash in the next step devices.
Furthermore, divertors achieving these milestones are expected conﬁne
divertor recycling neutrals in the divertor chamber. This can contribute
to reducing neutral pressures and ionization sources in the main SOL and
peripheral plasma, and charges exchange sputtering of the main cham-
ber wall. However, there is substantial experimental evidence of direct
plasma recycling at the main chamber wall due to the formation of broad
density shoulders in the SOL in high density, detached conditions [114,
117, and references therein]. The main chamber neutral source caused
by direct plasma recycling at the main chamber wall is independent of
the divertor geometry and can dominate the neutral pressures outside
the divertor chamber. Furthermore, interaction of ELMs with the main
chamber PFMs is expected to cause a main chamber neutral source that
is also independent of divertor geometry. Due to these reason, divertor
geometry is expected to have only a limited impact on the main cham-
ber neutral pressures. In addition, following the better conﬁnement of
neutrals in the divertor chamber, the sub-divertor pressure is expected to
increase relative to more open divertor conﬁgurations. This is expected
to facilitate pumping efﬁciency, and control of fuel and impurity particle
densities.
The effect of divertor geometry on the divertor plasma conditions is
largely associated with the transport and distribution of neutrals, plasma,
and impurities in the divertor. The motion of the neutral particles is not
restricted by the magnetic ﬁeld lines. Therefore, the divertor geometry,
such as the angle of the magnetic ﬁeld line to the surface normal, proxim-
ity of the divertor side bafﬂes to the plasma, as well as proximity of the
44
Power exhaust in tokamaks
divertor pumps to the plasma, can play a signiﬁcant role in determining
the neutral particle distribution in the divertor plasma (Fig. 2.6). As a
result, the neutral interaction and ionization distribution in the plasma
are changed as well, impacting the plasma conditions, ﬂow velocities and
proﬁles, impurity source proﬁles, and impurity densities in the divertor.
The impact of divertor geometry on the divertor performance has been
systematically studies in many tokamaks (Fig. 1 in [125]): Alcator C-Mod
[99, and references therein], JET [120 – 122, and reference therein], AUG
[123, 127, and reference therein], DIII-D [124, and references therein],
and JT-60U [128, and references therein].
The conventional strike point angle conﬁgurations compared to each
other are horizontal and vertical conﬁguration (Fig. 2.6). Pioneering
experimental work on identifying the beneﬁts of vertical divertor when
compared to horizontal divertor was conducted at Alcator C-Mod tokamak
[99, and references therein]. These studies were followed by dedicated di-
vertor geometry investigations on other tokamaks: JET [120 - 122, and
references therein], AUG [123, and reference therein], and DIII-D [124,
and references therein].
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Figure 2.6. Vertical (red) and horizontal (black) LFS divertor conﬁguration in JET high-
triangularity conﬁgurations. The black and red arrows represent the direc-
tion of plasma ﬂux to the wall and average direction of the recycling neutrals.
Strike point detachment is foreseen necessary in ITER to reduce the
divertor peak heat loads below 10 MW/m2, while producing 500 MW of
fusion power [6]. Therefore, the divertor design have been optimized to
maximize the volumetric losses near the separatrix. The vertical diver-
tor geometry is predicted to facilitate neutral recycling towards the sep-
aratrix in the divertor, therefore, enhancing the ionisation near the sep-
aratrix and concomitantly the densities and volumetric power losses in
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this region [99, 125, and references therein]. As a result, strike point
detachment is expected at lower upstream densities and collisionalities,
lower impurity concentration levels, and lower radiative power levels in
the vertical than in the horizontal divertor conﬁguration. Hence, the oper-
ational space between partially and fully detached conditions is expected
to be wider in the vertical divertor conﬁguration. This is typically ob-
served in multi-ﬂuid simulations (Fig. 2.7). In the illustrated series of
EDGE2D-EIRENE simulations, the vertical LFS divertor strike point de-
taches at about 30% lower SOL collisionality than the horizontal LFS di-
vertor strike point. The strike point detachment is interpreted to occur
once the peak particle ﬂux to the plate rolls over, illustrated with dashed
lines in the ﬁgure. In these simulations, this occurs when the LFS strike
point electron temperature is reduced below 1.5 – 4 eV. Furthermore, it is
observed that in the vertical conﬁguration, the total LFS divertor particle
ﬂux continues increasing with increasing collisionalities that are greater
than the strike point detachment threshold. This indicates partially de-
tached divertor conditions, where the strike point is detached, while the
far SOL is still in high-recycling regime experiencing increasing parti-
cle ﬂuxes with increasing plasma density and collisionality. On the other
hand, in the horizontal conﬁguration, the total divertor particle ﬂux is re-
duced to one half of the peak value at SOL collisionality values exceeding
the strike point detachment threshold only by 10%. Therefore, the opera-
tional window in partially detached divertor conditions in the simulations
is signiﬁcantly wider in the vertical than in the horizontal LFS divertor
conﬁguration.
Although the impact of divertor geometry on the detachment character-
istics is experimentally observed in Alcator C-mod ([99], and references
therein), ASDEX Upgrade ([126], and references therein), and JT-60U
[128], the initial experimental results from JET-Mk I divertor showed only
little difference in the approach to detachment between the two conﬁgu-
rations [102, 129]. Consistently, more recent L-mode experiments in JET
with the ITER-like wall conﬁguration showed also only minor differences,
of the order of 20%, in the approach to detachment between the two conﬁg-
urations [131]. In contrast, multi-ﬂuid modelling with EDGE2D-EIRENE
showed a clear impact of the conﬁguration on the divertor conditions in
JET-ILW [131]. It was hypothesized that gas re-circulation within the
divertor structure, producing complicated ionisation patterns, as well as
unaccounted plasma transport processes in the main SOL and divertor,
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Figure 2.7. EDGE2D-EIRENE predictions of LFS mid-plane, Te, LFS-MP, and divertor
strike point, Te, LFS-sp electron temperatures (a) and total, ILFS-DIV, and peak,
Jsat, LFS, peak, LFS divertor particle current (b) as a function of SOL electron
collisionality in unseeded H-mode plasmas in JET with the ITER-like wall.
The collisionality levels corresponding to LFS strike point detachment are
illustrated with dashed lines. The catalogs of the simulations illustrated in
the ﬁgure can be found in the appendix 1c in Publication I.
masked some of the geometry effects in these studies.
Sub-divertor pressures are expected to increase with divertor closure, as
has been previously observed [125, 131, 132]. Pedestal fuelling and sub-
divertor neutral pressures are coupled to each other, as was indicated by
recent work extending EDGE2D-EIRENE to model the sub-divertor struc-
tures in JET [132]. In JET L-mode simulations, in low density plasmas,
the sub-divertor pressures were higher in vertical than in horizontal for
a given LFS mid-plane separatrix electron density, ne, sep, LFS-MP, due to
reduced neutral leakage to pedestal plasma in the vertical conﬁguration
[132]. As a result, higher divertor recycling levels and sub-divertor neu-
tral pressured were needed in the vertical conﬁguration to reproduce the
same ne, sep, LFS-MP as in the horizontal conﬁguration. Furthermore, the
simulations indicated that the vertical LFS divertor effect on the LFS di-
vertor proﬁles was only observed in the simulations if the JET horizontal
tile (located in the PFR in vertical conﬁgurations) was assumed reﬂective
for neutrals in the model. Therefore, neutral leakage in the PFR would
be expected to reduce the impact of divertor geometry on the divertor pro-
ﬁles. In this doctoral thesis, in Publication I, these studies were extended
to investigate the effect of the divertor plasma conﬁguration on the radia-
tive divertor conditions in baseline H-mode plasmas in the JET ITER-like
wall.
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2.3.5 Divertor asymmetries
To maximize the plasma-wetted area and to minimize the peak PFM heat
loads, the SOL power load should be distributed as evenly as possible
over the exposed divertor targets. Furthermore, the operational window
in SOL density, power, and impurity injection levels are typically deter-
mined by the need to remain within a certain SOL collisionality and di-
vertor regime, such as partially detached divertor operation in ITER [6].
In other words, the LFS divertor must be partially detached in ITER to
maintain the peak PFM heat loads below the design speciﬁcation of the
tungsten PFMs. If the SOL parameters required for partial LFS divertor
detachment lead to complete detachment of the HFS divertor leg in ITER,
the control of plasma fuelling, impurity levels, pumping, and ultimately
performance might be impacted adversely. Therefore, any asymmetry in
the divertor power deposition or density, temperature, or radiation lev-
els is a concern for the design of operational scenarios in the next step
devices.
Strong asymmetries in divertor conditions and deposited power levels
are observed between the divertor targets in existing devices for low and
high recycling SOL conditions [31, 133 – 148, and references therein].
These asymmetries are associated with the four following contributors
[31, 133 – 136, and references therein]:
• LFS to HFS asymmetries in power crossing the separatrix (section 2.2).
• Cross-ﬁeld guiding centre drifts (E×B and diamagnetic), driven by the
combination of electric and magnetic ﬁelds, as well as by curvature and
gradients of the magnetic ﬁeld.
• Currents in the SOL.
• Toroidal momentum transport from the rotating core plasma.
The cross-ﬁeld drift and some of the current driven components change
direction with changing toroidal magnetic ﬁeld BΦ ([134] and references
therein). The normal direction for BΦ in JET, and in many other toka-
maks, is negative in the right handed cylindrical coordinate system (r, Φ,
z) with z pointing vertically upwards [140]. This means that the B×∇B-
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drift for ions points downwards towards the active X-point. This is called
the forward ﬁeld conﬁguration. The conﬁguration with a positiveBΦ, with
the B × ∇B-drift pointing away from the active X-point, is called the re-
versed ﬁeld conﬁguration.
In lower single null divertor conﬁguration, in the normal ﬁeld direction,
LFS to HFS-divertor asymmetries of the order of a factor of 2 are typi-
cally observed in low and high recycling SOL regimes ([6, 133, 134] and
references therein). These asymmetries lead to
THFS, DIV < TLFS, DIV
nHFS, DIV > nLFS, DIV
PRADHFS, DIV > P
RAD
LFS, DIV
PDIVHFS, DIV < P
DIV
LFS, DIV
(2.11)
where PRAD is the radiated power in the divertor leg, and PDIV the de-
posited power on the divertor plate. Therefore, as νSOL is increased, the
HFS divertor tends to enter the conduction limited and detached regimes
at lower νSOL than the LFS divertor. Related to LFS to HFS asymmetries,
the operational window in the ITER simulation is limited below a certain
νSOL and sub-divertor neutral pressures by the onset of complete HFS
divertor detachment [90, 140, and references therein]. However, these
simulations do not include cross-ﬁeld drifts or currents. Therefore, there
is concern that the operational window in νSOL and in subdivertor neutral
pressures is smaller than predicted by the model. The work on extend-
ing these simulations to include drifts is presently ongoing. Nevertheless,
since the impact of drifts is expected to scale proportional to the ratio of
the ion poloidal gyro radius (the radius of the gyro-motion of the ion, given
by the Lorentz force in a given magnetic ﬁeld) to the characteristic width
of the SOL [134], the impact of drifts might reduce as a function of the
machine size and poloidal magnetic ﬁeld and plasma currents levels.
Divertor asymmetries are typically reduced in reversed ﬁeld conﬁgu-
ration, indicating a strong role of ﬁeld dependent cross-ﬁeld drifts and
currents in formation of the LFS to HFS asymmetries [133 – 140, and ref-
erences therein]. The main guiding centre drifts are illustrated in the Fig.
2.8 for the normal ﬁeld direction. The poloidal and radial E×B-drifts are
considered the most important drift contributors for the divertor LFS to
HFS asymmetries [134, 135]. The poloidal E×B-drift transports plasma
from the HSF to LFS, and produces LFS to HFS power balance asymme-
tries consistent with experimental observations [134, 135]. However, the
49
Power exhaust in tokamaks
poloidal E × B-drift alone would increase the LFS densities relative to
the HFS densities, in contrast with the experimental observations. The
radial E × B-drift, on the other hand, provides particle transport from
the LFS SOL to the PFR, where the poloidal E × B-drift leads to parti-
cle transport from the LFS divertor to the HFS divertor, and the radial
E × B-drift further into the common SOL in HFS divertor leg (Fig. 2.8)
[134]. This particle transport channel from LFS divertor leg to the HFS
divertor leg is conventionally thought to be a major contributor in the
experimentally observed higher divertor densities, radiated power levels
and lower temperatures in the HFS divertor leg relative to the LFS diver-
tor leg. Since these drifts change direction with the reversal of the ﬁeld
direction, in reversed ﬁeld plasmas, this mechanism would bring particles
from the HFS divertor leg to the LFS divertor leg, therefore balancing the
LFS to HFS asymmetries given by the ﬁeld independent contributors. As
a result, more balanced HFS and LFS divertor conditions are expected
for reversed ﬁeld plasmas, and observed experimentally [134 – 136, and
references therein]. These radial E × B-drifts are consistent with mono-
tonically increasing electric potentials towards the LFS-MP in SOL. In
DIII-D, electric potential hills are experimentally observed near the X-
point in L- and type-III ELMy H-mode plasmas [137]. These hills are pre-
dicted to lead to convective E × B-circulation around the X-point due to
the change of the direction of the radial E×B-drift ﬂows passing through
the conﬁned region next to the X-point [137] (Fig. 2.8). However, these
ﬂows are suggested to be incompatible with H-mode plasmas by Schaffer
et al. [137], and, therefore, the conventional radial E×B-drift ﬂows as de-
scribed by the blue arrows in the Fig. 2.8 are more likely to be compatible
with the H-mode plasmas in this doctoral thesis.
Currents in the SOL are also expected to provide power deposition and
divertor condition asymmetries in tokamaks [134, 147, and references
therein]. Thermoelectric currents ﬂow between the divertor targets, due
to the electric ﬁeld caused by the sheath potential differences at oppo-
site divertor targets [134, 147, 149, 150, and references therein]. Electron
pressure asymmetry can also drive parallel current, and might be im-
portant if the divertor electron temperatures around the strike points at
HFS and LFS targets are nearly equal [151]. The target with lower Te
and/or higher pe receives positive current from the plasma [134]. There-
fore, the thermoelectric current usually ﬂows from the LFS to the HFS
side in the normal ﬁeld conﬁguration and from the HFS to the LFS side
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in the reversed ﬁeld conﬁguration. As a result, the thermoelectric cur-
rent provides effective electron heat convection towards the LFS target
in the normal ﬁeld conﬁguration, therefore amplifying the LFS to HFS
asymmetries in Te [134, 135, 147, and references therein].
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Figure 2.8. Schematic illustration of the main guiding center drifts for the case of normal
ﬁeld direction. The direction of all the drifts is reversed for the reversed ﬁeld
direction. The schematic is reproduced from [134, 147].
The volumetric power losses due to interaction of the plasma particles
with deuterium atoms and molecules and impurities increase typically
non-linearly with reducing Te and increasing ne for a given plasma pres-
sure. Therefore, the LFS to HFS asymmetries are expected to be en-
hanced by volumetric processes in each divertor leg [134, 136]. As a re-
sult, relatively small asymmetries in the LFS to HFS power sharing could
theoretically lead to substantial differences in the observed LFS to HFS
divertor conditions, especially for suitable νSOL values close to divertor
regime boundaries [134, 136].
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2.4 Fluid simulation tools for divertor performance studies
At the time of writing this doctoral thesis, the ITER design is largely
ﬁnalized, most of the components are being manufactured, and large in-
ternational efforts and resources are being invested in the DEMO reactor
designs [17]. Despite this, signiﬁcant gaps do still exist in the technol-
ogy and scientiﬁc understanding, needed to be closed to ensure that these
devices will perform according to their design speciﬁcations [17]. Power
and particle exhaust is one of the most critical issues to be properly as-
sessed in the design as well as in preparation of the operation, since the
components designed for exhausting the power ﬂuxes from the plasma
must be able to function properly in the operational window determined
by the plasma performance criteria. The ITER power exhaust compo-
nents have been designed by utilizing the ﬂuid simulations code pack-
age SOLPS ([90] version 4.3). The veriﬁcation and validation of this code
package, its later versions, and similar code packages such as SOLPS5.x,
SOLPS-ITER, EDGE2D-EIRENE, UEDGE, SONIC, and EMC3-EIRENE,
for existing devices is, however, still a subject of extensive research [44 –
46, 152 – 156]. These numerical tools do not yet reproduce quantitatively
the experimental observations in high density (0.5 – 1.0×1021 m−3), low
temperature (0.1 – 5 eV) regimes, which are favored in fusion reactors due
to their beneﬁcial properties for power exhaust control [54].
This thesis contributes to this area of research. The ﬂuid simulations
code package EDGE2D-EIRENE is used to interpret impurity injection
experiments, as well as to validate the model predictions, of high-power
fusion test reactor scenarios ([157], and references therein) in JET. The
aim of the work is to gain understanding on the interplay of the physics
processes in the heat load mitigation with impurity radiation, as well as
to provide benchmark of the ﬂuid simulation tools against experimental
data to validate these models for reactor design and operation predictions.
2.4.1 EDGE2D-EIRENE
EDGE2D-EIRENE is a hybrid code consisting of a multi-ﬂuid plasma
solver, EDGE2D, coupled to a kinetic Monte Carlo neutral transport code
EIRENE [44 – 46]. Plasma transport is a kinetic phenomenon, occurring
in a six-dimensional phase space. However, most physical problems in re-
alistic geometry are not tractable in a fully kinetic description. Therefore,
the conventional approach is to reduce the complexity of the calculations
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by using conservation equations given by ﬂuid velocity moments of the
kinetic equation. The ﬁrst three moments yield the conservation equa-
tions for particles/density, momentum/velocity, and energy/temperature.
Kinetic effects are introduced in the system by closing the nth moment
equation at the n +1 level. In plasma physics, this hierarchy with the
assumptions of magnetization and short mean free paths lead to the Bra-
ginskii equations, which are solved for the fuel ions and electrons in the
parallel to the magnetic ﬁeld direction by EDGE2D [63]. As was discussed
in section 2.3.1, this assumption is often only marginally justiﬁed in SOL
plasmas. The equation system is closed by employing short collisional
mean-free path approximation to obtain the Spitzer-Härm heat conduc-
tivities [67]. However, it is an issue in the multi-ﬂuid codes that as the
Knudsen number of the SOL plasma increases to values above 0.01, thus
kinetic effects due to parallel gradients and non-zero collisional mean-free
paths arise [64, and references therein]. In these conditions, the Spitzer-
Härm heat conductivites would yield unphysically large conducted heat
ﬂuxes. To avoid unphysically large heat ﬂuxes in multi-ﬂuid codes, the
maximum simulated heat-ﬂux is often limited to some speciﬁed fraction
(∼ 0.05 – 3) of the free-streaming Maxwellian ﬂux [31, 64, 158, and refer-
ences therein]. In this study, heat-ﬂux limiters are not used in the simula-
tions corresponding to Publications I – IV, and VI, whereas in Publication
V constant values of 1.5 are assumed for both electrons and ions, as sug-
gested in [64]. In the radial, or cross-ﬁeld direction, anomalous turbulent
transport is described by imposing radial transport coefﬁcients for parti-
cle diffusion and convection, and electron and ion heat conduction as input
parameters to EDGE2D-EIRENE. These are adjusted to reproduce mea-
sured density and temperature proﬁles at the edge of the main plasma
and main SOL in a speciﬁed reference plasma in each individual study, as
described in the publications. The computational grid in EDGE2D is con-
structed according to a magnetic equilibrium reconstruction (EFIT) [159
– 161]. The calculation grid does not extend radially to the main chamber
or to the PFR wall.
For the impurities, the model calculates particle and momentum conser-
vation equations, while assuming equal temperature with the main fuel
ions. The parallel momentum equation for impurities is very similar to
the impurity force equation described in the context of tungsten transport
in the chapter 3. In the radial direction, cross-ﬁeld diffusion with a user-
speciﬁed diffusion coefﬁcient is used. Assuming the same temperature
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for impurities and main fuel ions reduces the number of equations to be
solved. This is justiﬁed by the fact that the hydrogen ion-impurity colli-
sion time in the divertor is shorter than the impurity residence time [165].
Furthermore, the model determines the full non-coronal distribution of
the impurity charge states based on ionization, recombination and radi-
ation coefﬁcients retrieved from the ADAS database [61]. The version of
EDGE2D-EIRENE used in this doctoral thesis was able to handle 2 impu-
rity species simultaneously. This was sufﬁcient for carbon wall discharges
to model both carbon and the seeded impurity species. For JET-ILW, only
either beryllium or tungsten could be simulated in addition to the seeded
impurity. Beryllium was chosen as the simulated impurity species, since
it is anticipated to radiate predominantly in the SOL whereas tungsten
is anticipated to radiated predominantly inside the separatrix. Therefore,
taking into account the effect of beryllium was expected to be more rele-
vant for the divertor physics studies than the effect of tungsten. Further
discussion on the topic can be found in Publication II.
Cross-ﬁeld drifts and currents are omitted in the simulations in this
doctoral thesis, since converged EDGE2D-EIRENE simulations were not
obtained with the drift terms turned on at the time of writing this report.
This is anticipated to compromise the ability of the code to model the LFS
to HFS divertor asymmetries (section 2.3.5). Another limitation of the
simulations setup in terms of divertor asymmetries in this study, is that
the ballooning dependence on the magnetic ﬁeld structure was not used in
the cross-ﬁeld transport model (sections 2.1, and 2.3.5). Rather the diffu-
sion in the simulations in this study depends on the transport coefﬁcients
and radial derivatives of densities and temperatures only. The transport
coefﬁcients are typically assumed to be poloidally symmetric, favoring en-
hanced transport in regions with high ﬂux compression, i.e., both HFS
and LFS mid-plane. Neglecting those two effects is likely to bias the HFS
divertor plasma conditions towards hotter and less dense solutions in the
simulations, while the plasma conditions at the LFS divertor are antici-
pated to be less dependent on these missing physics models. Due to these
reasons, the focus in this doctoral thesis has been on the observations in
the LFS divertor leg, which is the divertor leg receiving higher target heat
ﬂux. Recent studies in L-mode plasmas indicate that the strongest impact
of drifts on the plasma solution are observed in attached low- and high-
recycling conditions, where the radial E×B-drive in the divertor plasma
is still signiﬁcant, whereas in low temperature, detached conditions, the
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sheath-potential driven plasma potential gradients in the divertor are sig-
niﬁcantly reduced, lowering the E × B-drive as well [135, 147, 148, and
references therein].
Plasma density and temperature decay parameters are speciﬁed as bound-
ary conditions to the code. The relevant parameters are described in
the publications. Inside the separatrix, the simulation grid extends up
to about 10 – 15 cm inside the separatrix at that LFS-MP. At the core
boundary, the power entering the simulated region is speciﬁed and ﬂux
conservation is assumed for particles. At the divertor targets, plasma
ﬂow equal to or higher than the sound speed at the sheath boundary was
assumed according to the Bohm-Chodura criterion [32, 33]. The trans-
port power ﬂow through the sheath was calculated using the values for
the electron sheath heat transmission coefﬁcient of 4.5 and the ion sheath
heat transmission coefﬁcient of 2.5 [31].
EIRENE is a kinetic Monte Carlo neutral transport code following neu-
tral particles originating due to neutral gas injection, erosion, recombina-
tion, and recycling in the simulation. EIRENE provides as an output the
neutral atom, molecule, and D+2 densities, temperatures, and velocity dis-
tributions in the plasma, which are rescaled at each EDGE2D time step
to match the total neutral source ﬂux (recycling, recombination, gas injec-
tion). In the recycling process, atoms and molecules are re-emitted to the
plasma according to the surface reﬂection data obtained from the TRIM
database [162]. The erosion rates for impurities are obtained using the
Eckstein yields [163]. The atomic and molecular processes are calculated
using the ADAS, AMJUEL and HYDHEL databases [61, 72, 73, 164]. To
provide particle exhaust from the computational domain, balancing the
gas injection rate, pumping surfaces are located in front of the divertor
corners at the entrance to the sub-divertor region. These surfaces pump
neutral particles out of the computational domain with an albedo of 0.94.
The sub-divertor region is not simulated in this doctoral thesis, as the sub-
divertor model was reintroduced at the time of completion of this doctoral
thesis.
The set of neutral processes included in the simulations is the one pre-
sented by Kotov et al. in [68]. This includes all the reactions listed in
the Tables 2.2 and 2.3, except the dissociative attachment (reaction 10)
and charge exchange recombination (reaction 6). The older EDGE2D-
NIMBUS-like neutral processes setup within EIRENE was used in the
Publication V and Publication VI [46]. The NIMBUS-like model treats
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the molecular processes without a collisional-radiative model, combines
reactions 9 and 15 to an effective reaction skipping production of D+2 , and
neglects molecular elastic collisions (reaction 11), ion conversion (reac-
tion 12), and dissociative recombination (reaction 13). In [68, 91 – 95],
the molecular elastic collisions have been found essential for reducing the
divertor electron temperatures to sufﬁciently low values to provide suf-
ﬁcient volume recombination rates for a signiﬁcant divertor particle ﬂux
reduction in detachment.
2.5 Radiative divertor studies in tokamaks
2.5.1 Experiments
For ITER to operate at QDT = 10, it is predicted that high radiative power
fractions of up to 70 – 80% are required to reach partial detachment, while
operating at H98(y,2) ∼ 1, βN ∼ 1.8, fGW ∼ 0.85, and Zeff ∼ 1.6. fGW is the
fraction of operation density to the Greenwald density limit (Eq. 1.6). Fur-
thermore, DEMO sized reactors are predicted to require close of 100% ra-
diative power exhaust [17]. Any solution to the PFM heat load issue must
be compatible with these requirements. Due to these reasons, injection
of extrinsic radiating impurities to increase the radiated power fraction
to the levels considered necessary in ITER have been widely studied in
tokamaks [59, 97, 113, 120, 146, 157, 165 – 193, and references therein].
Conventionally, radiating impurities in radiative divertor studies are ni-
trogen, neon, argon, and krypton [113, and references therein]. Carbon
radiation is also considered in many radiative divertor studies due to the
wide usage of carbon PFMs in tokamaks over the past few decades (sec-
tion 1.2.3).
To achieve the plasma performance requirements, the impurity seeding
cannot impact the plasma energy conﬁnement too adversely or increase
the plasma Zeff above acceptable values. The effect of impurity seeding on
energy conﬁnement shows a very rich phenomenology [59, 173, 181, 190,
192, 194, and references therein]. Injection of extrinsic impurities has a
long history in tokamak research [176, 177]. Originally, the main moti-
vation was to study improved plasma conﬁnement with low-Z impurity
injection. Edge cooling due to increased radiation was also reported and
suggested as a possible solution to the heat ﬂux issue in reactor scale de-
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vices [177, 178]. Conﬁnement improvement with impurity injection was
observed in AUG [195], DIII-D [196], and JT-60U [197]. This improved
conﬁnement regime was not fully reproduced in JET in low collisionality
conditions [173, 174, 181, 198], and interest in conﬁnement improvement
with impurities subdued [58].
In both JET and AUG, the plasma energy conﬁnement was affected by
the presence of a metal wall and the requirement of increased gas fu-
elling to avoid tungsten contamination of the core plasma [194]. In JET
with the ILW, the high triangularity baseline H-mode scenario was af-
fected the most [182, 194]. The beneﬁt of high shaping to give good con-
ﬁnement at high Greenwald fractions [199] was also lost in JET after
the installation of ILW. In AUG with a full tungsten wall, conﬁnement
at H98 ∼ 1 was achieved in high triangularity baseline plasmas at ele-
vated normalized plasma pressure βN > 2 [194]. The conﬁnement lost
relative to the carbon PFM devices was observed to be largely recovered
by nitrogen seeding in both devices [182, 194, 200]. Furthermore, it was
observed that the high triangularity shape, found beneﬁcial for conﬁne-
ment at high densities in JET-C [199], was also essential in JET-ILW
to obtain a strong pedestal performance increase with nitrogen seeding
[157]. The conﬁnement increase observed with nitrogen injection was not
reproduced in similar experiments at JET with neon injection [193]. In-
terestingly, the original conﬁnement improvement studies in 1984 – 1985
with impurity seeding were conducted with neon [176, 177]. However,
the plasma scenarios in those early experiments were quite far from the
more recent high performance plasma scenarios at JET, and the physics
phenomenologies responsible for the conﬁnement increase with different
impurities and plasma scenarios might be different as well.
As expected, the characteristic electron temperature range of the radi-
ating impurities increases with the atomic number of the species. As a
result, carbon and nitrogen have been observed to be very good divertor
radiators in present day devices as they radiate preferentially in Te ∼
10 – 30 eV [113, 168, 181, 188, and references therein] and also Pub-
lications I – IV. On the other hand, neon is measured to increase radi-
ated power both in the divertor and in the plasma inside the separatrix
[168, 183, 181, 192, 193, and references therein] and also Publication IV.
Argon is foreseen as the leading candidate seeding gas for DEMO if simul-
taneous increase in divertor and main plasma radiation is required [113,
and references therein]. Krypton radiates mainly inside the separatrix
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and provides a good radiative efﬁciency in mantle with a modest impact
on fuel dilution [113, and references therein].
In the early high radiative high performance scenarios in JET, AUG, and
DIII-D with the carbon PFMs, the impurity content in the high radiative
plasmas was signiﬁcantly higher than the ITER reference values [120,
195, 201, and references therein]. However, as pointed out by Matthews et
al. [202], without a suitable scaling law, direct comparison of Zeff between
current machines and ITER are meaningless. By noting that Zeff and
total radiated power PRAD (MW) are connected, a multi machine scaling of
experimental data and data from code simulations is conducted providing
PRAD =
1
7
(Zeff − 1)Sn¯e2 (2.12)
where S (m2) is the surface area of the plasma (m2), and n¯e (1020 m−3)
[202]. Using ITER parameters, this expression predicted Zeff not too far
above the required values in ITER [120]. The linear dependence on the
plasma surface area suggests a size scaling as R2. The explicit depen-
dence of Zeff on the heating power is not included in this scaling. Devynck
et al. [203] showed that this scaling gives relatively good predictions in
high density operation close to detachment and during impurity seeding
in JET-ILW Ohmic, L-, and H-mode plasmas. The main experimental
conditions for the multi-machine scaling to be close to the data was that
the radiated power in the divertor chamber was signiﬁcantly larger than
the radiated power in the bulk, as is foreseen necessary in ITER. It was
concluded that the slope of the original multi-machine scaling [202] char-
acterizes mostly impurities radiating in the divertor at low temperatures
[203]. However, deviations between the scaling and measured radiated
power of the order of a factor of 2 have been observed in AUG, JET and Al-
cator C-Mod [204]. These deviations are associated with changing plasma
impurity composition and balance between the divertor and main plasma
radiation [203]. Recently, attempts to obtain a divertor radiation scaling
in H-mode plasma operation in metal devices were published by Kallen-
bach et al. [204]. For H-mode plasmas in AUG, JET and Alcator C-Mod
with nitrogen seeding, the divertor radiation was observed to scale as
PRAD, DIV, N = 72p
0.6
0, DIV(Zeff − 1)0.43R1.5λ0.64q (MW), (Pa), (m), (m) (2.13)
where p0, DIV is the neutral pressure measured in the divertor PFM region.
Estimates of the scaling of the divertor radiation are uncertain due to sub-
stantial deviations of the radiative potential from the coronal equilibrium
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values as well as due to various atomic physics effects that contribute in
high density, low temperature divertor operation. This divertor radiation
scaling was compared to L-mode plasma simulations of low density, ni-
trogen seeded JET-ILW and AUG plasmas, and a good similarity to (Eq.
2.13) was obtained [205].
2.5.2 Simulations
To address the need to design divertor components and to predict diver-
tor operational scenarios in next step devices, numerical and analytical
radiative divertor simulations have been widely studies in both existing
tokamaks and for next step tokamak reactors [90, 111, 205 – 214, and
references therein] and also Publications I – IV. For recent studies, see
for example Kukushkin and Pacher et al. for ITER [90, 208, 209, and
references therein], Reimold and AhoMantila et al. for AUG [111, 205,
and references therein], Porter et al. for DIII-D [210, and references
therein], Asakura and Hoshino et al. for JT60-U [211, 212, and refer-
ences therein], and Jaervinen and AhoMantila et al. for JET [205, and
references therein] and Publications I – IV. The simulations generally re-
produce the experimentally observed trend that the dominant radiating
region of impurities shifts towards higher electron temperatures with in-
creasing atomic number of the impurity species. With nitrogen seeding,
at low nitrogen radiation levels in low to high recycling condition, the
dominant nitrogen radiation region, Te ∼ 10 – 30 eV, is located in the
divertor chamber close to the divertor targets [205, 102] and also Publica-
tion III. With detachment, the dominant radiation region with nitrogen
shifts towards the X-point, as the divertor leg temperatures are reduced
down to values (Te < 5 eV) below the preferred radiation region for ni-
trogen, as is recently documented by Reimold and AhoMantila et al. for
AUG, and Jaervinen et al. for JET [102, 111, 205] and Publications I – IV.
In simulations that represent partially detached LFS divertor conditions
in JET H-mode plasmas, stable nitrogen radiation zones are obtained at
the LFS X-point in the common SOL (Publications I – IV). Increasing the
nitrogen seeding further to reach complete LFS detachment, the nitro-
gen radiation zone is observed to shift inside the separatrix to form a
strong X-point radiation condensation with MARFE-like [96] radiation-
condensation features. These regimes are experimentally observed in
both JET and AUG, and marginally stable plasma simulations with the
SOLPS5.0 code package have been obtained in this regime [54, 97, 111,
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and references therein]. In these strong X-point radiation regimes, reduc-
tion of the LFS-MP plasma pressure in the SOL is predicted, associated
with reduction in PSOL caused by strong radiation inside the separatrix
[111]. As a result, a large part of the divertor pressure reduction in these
completely detached plasma scenarios is associated with global reduction
in the SOL plasma pressure, instead of local pressure gradient formation
in the divertor [111]. On the other hand, in the slightly lower radiated
power fraction plasmas in JET H-modes with nitrogen radiation in the
common SOL, the dominant divertor target pressure reduction is associ-
ated with conventional neutral friction in the divertor leg and formation
of plasma pressure gradient along the ﬁeld lines in the divertor (Publica-
tions II – III). Therefore, multiple detachment regimes are likely to exist,
and the hierarchy of physics processes responsible of pressure and parti-
cle ﬂux detachment in these regimes are likely to differ from each other as
well. With increasing atomic number of the seeded impurities, increase in
the radiation inside the separatrix relative to the radiation in the divertor
is observed in the simulations, similar to experimental observations [209]
and Publication IV.
Despite the fact that the simulations can qualitatively capture the ra-
diation distributions and divertor detachment characteristics in plasma
scenarios with impurity seeding, signiﬁcant discrepancies between the
simulations and the experimental observations do exist [54, and refer-
ences therein]. These include the underprediction of neutral pressures in
the divertor, radiation due to the fuel species, LFS to HFS divertor asym-
metries, and not being able to predict the measured plasma ﬂows in the
main SOL [54, 95, 111, 205, 215, 216] and Publications I – IV. Due to
these reasons, these code packages do not yet offer a quantitative predic-
tive capability for the next step devices [54]. The largest discrepancies
are observed in high recycling and partially detached divertor conditions,
which are the most interesting operational regimes for ITER divertor [54,
and references therein]. The simulation codes usually can reach a fairly
good agreement with experiments in low density, attached conditions [54,
and references therein].
Predictions of radiative divertor operation for ITER and DEMO have
been widely conducted [90, 209, 211, and references therein]. For ITER,
the foreseen solution is to use neon injection to provide a radiating, low
charge state impurity for the plasma with operation of full tungsten di-
vertor PFMs [209]. Nitrogen injection is deemed an unfavorable solution
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due to the technical difﬁculties related to chemical reactivity of nitrogen
and ammonia formation with tritium [217, 218, and references therein].
However, the acceptability of nitrogen injection for ITER depends on the
amount and type of nitrogen compounds formed and the technical implica-
tions associated to this, both of which remain still open topics of research
and development. In the forthcoming DT-campaign in JET, nitrogen injec-
tion is deemed unacceptable due to formation of uranium-nitrides in the
uranium beds used in the active gas handling system in JET [219, 220].
The formation of uranium-nitrides signiﬁcantly reduces the hydrogen gas
storage capability of the uranium beds. In [209, and references therein]
ITER simulations with full tungsten divertor PFMs and beryllium main
chamber PFMs in carbon-free environment with nitrogen and neon injec-
tion were conducted with the SOLPS code. Generally, it was found that
the operational window with neon injection was smaller than the opera-
tion window with nitrogen, due to increase of radiation inside the sepa-
ratrix with neon seeding and the proximity of ITER to its LH-transition
threshold. These ﬁndings are qualitatively consistent with experimental
observation and simulations conducted in H-mode plasmas in JET [193,
and reference therein] and also Publication IV.
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3. Tungsten concentration control in
tokamaks
3.1 Experimental observations
Tungsten is a very strong radiator in the plasma temperatures relevant
for the conﬁned plasma in fusion reactors. Therefore, to avoid unaccept-
ably high levels of radiative power losses in reactors operating with tung-
sten PFMs, the central concentration of tungsten must be kept at or be-
low 10−5 [43]. Experiments at AUG with full tungsten PFM coverage as
well as in JET-ILW have indeed demonstrated the need to control sources
and transport of tungsten to obtain stationary high performance H-mode
plasmas [39, 221, and references therein]. Without adequate control, for
example, by increasing the ELM frequency with D2-injection and/or using
central heating to maintain the sawtooth activity in the core, tungsten
accumulation leads to radiation peaking in the central plasma, disap-
pearance of the sawtooth activity in the central plasma, hollow temper-
ature proﬁles and disruption of the discharge [157, 222, and references
therein]. The tungsten contamination levels can be controlled by the fol-
lowing methods or physics principles:
• Source of tungsten.
• Retention of eroded tungsten in the divertor chamber.
• Screening of tungsten by the SOL plasma.
• Transport of tungsten in the pedestal and edge plasma.
• Flushing of tungsten by ELMs.
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• Core transport of tungsten.
Disregarding macroscopic loss of PFM (e.g., melting of the surface lay-
ers, evaporation, and arcing [223]), the source of tungsten is determined
by physical sputtering, caused by elastic energy transfer from incident
particles to the target atoms [39, 163]. The sputtering threshold en-
ergy for light projectiles on a substrate consisting of high atomic number
species is determined by the momentum and energy conservation in an
elastic collision and the surface binding energy of the substrate material
[39, and references therein]. Due to the high surface binding energy of
tungsten (8.8 eV) and projectile to substrate mass-ratio, the sputtering
threshold energies of tungsten for H, D, and T bombardment are about
450 eV, 210 eV, and 140 eV, respectively [31, 163]. Therefore, the erosion
of tungsten by the fuel ions can be practically eliminated, by operating
in high recycling and partially detached plasmas conditions. The erosion
occurs mainly due to intrinsic impurity ions due to their higher mass and
electric charge. The electric charge of the sputtering species is critical due
to the formation of the sheath-potential drop (∼ −3Te/e [31]) in front of
the target surface, therefore, accelerating the projectile. Electrons deposit
heat to the surface, but do not cause physical sputtering due to the very
high mass difference between the PFM atoms and electrons and thereby
reduced momentum transfer in the collision. Assuming a Maxwellian ion
velocity distribution in front of the target, the ion impact energy towards
the surface is approximately given by 2Ti + 3ZTe, where Z is the charge
state of the impacting ion. The threshold for tungsten sputtering by light
impurity species, such as carbon, beryllium, or nitrogen, is observed to be
around electron temperatures of about a few eV [40, 224].
In L-mode operation, with nitrogen seeding, tungsten sputtering is ﬁrst
observed to increase in attached conditions [40] due to increased light im-
purity concentration as well as due to the transition to the high recycling
regime with increasing divertor particle ﬂuxes. Tungsten sputtering is
observed to roll over when the divertor plasma is cooled below the sput-
tering threshold for light impurity impact, as well as due to the target
particle ﬂuxes being reduced in detachment [40]. However, in H-mode
plasmas, in plasmas with detached conditions between ELMs, sputtering
due to ELMs still occurs. The heat pulse in an ELM is expected to be suf-
ﬁciently high to exceed the capability of the divertor plasma to buffer the
associated temperature increase in the divertor. In other words, the diver-
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tor plasma does not have sufﬁcient heat capacity to prevent the tempera-
ture increase, and, as a result, the ELM penetrates through the divertor
plasma to the target. This is called an ELM burn through. Due to ELMs
burning through in ELMy H-mode plasmas, tungsten sputtering is caused
even if detachment between ELMs is obtained [40, 182, 224, and refer-
ences therein]. In these plasmas, ELMs dominate the tungsten source.
Gross erosion of tungsten is typically observed both experimentally and
in simulations to be about an order of magnitude higher than the net ero-
sion due to strong prompt re-deposition of tungsten ions [40, 224, 225, 235,
and references therein] and Publications V and VI. This is due to the large
gyro-radius of high-Z impurities compared to their ionization mean-free
path, which increases the probability for the ion to promptly redeposit
during the ﬁrst gyro orbit.
In JET and ITER, the dominating tungsten source is expected to be in
the divertor, where the tungsten divertor PFMs are used. However, it can-
not be ruled out that tungsten might be able to migrate from the divertor
to the main chamber, such that the effective tungsten source distribution
extends to the main chamber as well. Furthermore, there are tungsten
coated neutral beam shine-through protection tiles in the JET main cham-
ber, which can provide a tungsten source due to NBI shine-through. For
the divertor retention and SOL screening analysis this is important, since
tungsten neutrals originating from the main chamber are signiﬁcantly
more likely to penetrate the conﬁned plasma. This is due to the close prox-
imity of the main chamber sources to the conﬁned plasma, whereas the
divertor sources have to transport through the divertor plasma to reach
the conﬁned plasma region in the device. However, for simplicity, in the
tungsten divertor retention analysis conducted within this thesis (Publi-
cations V and VI) tungsten is assumed to originate solely in the divertor.
These studies can in future be extended to include the sensitivity of the
results for a main chamber tungsten source component. Strachan et al.
investigated the impact of NBI shine-through sputtering of tungsten on
the JET radiation balance with EDGE2D-EIRENE simulations and con-
cluded that the contamination levels were too low to cause a radiative
collapse [236].
Once eroded and ionized, and neglecting prompt re-deposition, the re-
tention of tungsten in the divertor chamber (assuming divertor source) is
determined by the plasma transport processes. In the direction across the
magnetic ﬁeld lines, the transport of tungsten is anomalous and is often
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treated with effective diffusion (or convection) coefﬁcients in the simu-
lation codes (Publications V and VI). In the direction along the magnetic
ﬁeld lines, tungsten particles are transported classically by collisions with
background, tungsten, and other impurity ions, and by background elec-
tric ﬁelds [31]. The most signiﬁcant force terms impacting tungsten trans-
port in the divertor are [31, 228]:
• Tungsten pressure gradient.
• Collisional coupling to the background ion ﬂow (friction).
• Force by the background electric ﬁeld.
• Collisional transport caused by background electron temperature gra-
dient (variation of the collisional mean-free path with Te).
• The collisional transport caused by background ion temperature gradi-
ent.
In a simpliﬁed ﬂuid approximation these can be written in this order as
FZ = − 1
nZ
dpZ
ds
+mZ
(vi − vZ)
τs
+ ZeE + αe
dkTe
ds
+ βi
dkTi
ds
(3.1)
where nz is the tungsten density, pz the tungsten pressure, s the dis-
tance parallel magnetic ﬁeld, mz the mass of tungsten, vi the background
ﬂow velocity, vZ the velocity of tungsten particles, τs the Spitzer stopping
time [229], which represents the collisional coupling efﬁciency between
the main and impurity ions, and αe and βi are coefﬁcients for electron and
ion temperature gradient forces, which are also determined by Coulomb
collisions. Typically, the frictional coupling to the background ﬂow and
the ion temperature gradient force are the dominating forces determining
the force balance along the magnetic ﬁeld line and the retention of tung-
sten in the divertor. The frictional coupling typically points towards the
target as the plasma gradually accelerates towards sound speed at the
sheath entrance. The ion temperature gradient force, on the other hand,
points away from the divertor chamber [230].
Tungsten ﬂux at the separatrix is determined by the source distribu-
tion, divertor and SOL screening and retention properties. The tungsten
concentration in the central plasma is then determined by the transport
properties and ELM ﬂushing in the pedestal and central plasma. In this
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doctoral thesis, the source and SOL retention properties for tungsten are
studied. Other mechanisms inside the separatrix are not studied either
experimentally or numerically. Investigations on the tungsten transport
properties and control inside the separatrix can be found in [157, 231, and
references therein]. The main ﬁndings in the latter studies are
1. Inside the centre of the plasma (r/a < 0.40.5) tungsten transport is
predicted to be governed by neoclassical transport.
2. Outside r/a ∼ 0.5, turbulent transport dominates over the neo-classical
contribution.
3. Density peaking in the central plasma increases the inward neo-classical
pinch of tungsten.
4. By increasing the central heating by ICRH, the turbulent outward dif-
fusion and sawtooth activity can be maintained and increased, such that
the inward neo-classical pinch is balanced and stable discharges are pos-
sible.
Furthermore, frequent ELMs are observed to be beneﬁcial in terms of
ﬂushing tungsten out from the pedestal region into the SOL [232].
3.2 DIVIMP
DIVIMP [47] is a trace-ion Monte Carlo code used mainly for assessing
the divertor retention of impurities. DIVIMP computes trajectories of
the impurity particles in a static plasma background (ne, ni, Te, Ti, v‖,i,
E‖). In the parallel magnetic ﬁeld direction, DIVIMP solves the 1D ﬂuid
momentum equation for the impurity test particle, which contains the
ﬁve force terms described in the previous section (see also [31] chapter
6.5.3, and [228]). DIVIMP also offers a possibility to use a more complete
drift-kinetic treatment for the parallel momentum equation for impurities
[233]. The latter provides more sophisticated treatment of ion tempera-
ture gradient and friction forces, especially in the case of large relative ve-
locities between the fuel and impurity ions. However, in practice the two
methods provide nearly identical results, at least in the work conducted in
this doctoral thesis (Publications V and VI). In the radial direction, simi-
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lar to EDGE2D, DIVIMP assumes cross-ﬁeld diffusion with the diffusion
coefﬁcient given as an input to the simulation. The tungsten source dis-
tribution in the simulations in this doctoral thesis is given by sputtering
calculated using Eckstein yields [163], and assuming 1% light impurity
concentration in the plasma, represented by C4+ in the simulations. The
ionization and recombination of the test particles as they travel through
the simulation domain are calculated using the ADAS rates [61].
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4. Radiative divertor studies in JET
high conﬁnement mode plasmas
4.1 Setup of the experiments
This doctoral thesis is based on a series of JET H-mode experiments with
both the previous, full-carbon wall (JET-C) and with the ITER-like wall
(JET-ILW) in various plasma conﬁgurations. A recent review of the prin-
cipal experimental ﬁndings in this series of experiments can be found in
[157]. Other published studies based on this series of experiments can be
found in [157, 180 – 182, 191, 194, 249 – 251] as well as Publications I –
IV.
The focus is on an overlapping series of deuterium-fuelled and nitrogen-
and neon-seeded baseline ELMy H-mode plasmas obtained in JET-C and
JET-ILW conﬁgurations with 15 – 25 MW of input power at plasma cur-
rent of 2.5 MA and at toroidal magnetic ﬁeld at the magnetic axis of 2.7 T
[157, 193, and references therein]. The estimated power crossing the sep-
aratrix, PSOL, in most of these plasmas, excluding the few high powered
plasmas with PHEAT ∼ 25MW, were around 8 – 11 MW [181, 182, 157, 193,
and reference therein]. In the simulations conducted in this thesis, the
input power is set to 8 MW, representing the lower end of the estimated
range of PSOL as discussed in the Publication I. The plasmas investigated
in this thesis were operated in a high-triangularity conﬁguration with the
low-ﬁeld side (LFS) strike point either on the horizontal plate (JET tile
number 5, horizontal conﬁguration; high-δ/HT) or on the vertical plate
(JET tile number 7, vertical conﬁguration; high-δ/HT) (Fig. 4.1). The high
triangularity conﬁguration has been generally observed to enhance the
conﬁnement properties of H-mode tokamak plasmas, especially at high
densities [199, 244, 245, and references therein]. These high-triangularity
conﬁgurations were chosen for these plasma scenarios aiming to optimize
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the plasma performance with integrated radiative divertor operation. The
main diagnostics used to diagnose these plasmas are illustrated in Fig.
4.1. Deuterium was injected at the high-ﬁeld side (HFS) divertor leg into
the common SOL, and nitrogen and neon were injected into the LFS diver-
tor leg into a location corresponding to the common SOL in the horizontal
conﬁguration and to PFR in the vertical conﬁguration. In each conﬁgura-
tion, wall material environment, and with each injected impurity species,
consecutively increasing levels of impurity injection were imposed until
partially detached to detached conditions were obtained in the LFS diver-
tor leg. Various levels of deuterium fuelling were investigated.
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Figure 4.1. 2D poloidal magnetic equilibria of the JET plasmas investigated in this
thesis: black (high-triangularity, horizontal target; high-δ / HT), red (high-
triangularity, vertical target; high-δ / VT). The main diagnostics used in this
study are highlighted: the high resolution Thomson scattering system (HRTS
[237], black line at the LFS mid-plane), the Lithium beam system (Li-beam
[238], black at the top), target Langmuir probes [239] (Magenta), and divertor
visual spectroscopy systems [240, 241] (black, red, and blue). The total radi-
ated power was measured with a multiple-chord bolometer and reconstructed
tomographically [242]. A vertical viewing infrared thermography was used
to estimate the low-ﬁeld side power deposition [243]. Deuterium was injected
into the chamber at the HFS target, while impurities were seeded at the LFS
target. The horizontal dashed line at Z = -1.2 m, represent the spatial loca-
tion used to separate approximately divertor and main chamber radiations.
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4.2 Interpretation of radiative divertor studies in JET high
conﬁnement mode plasmas with EDGE2D-EIRENE
Publication III provides the most natural introduction to the radiative divertor
studies conducted within this doctoral thesis. The work was presented as an in-
vited talk in the 21st International Conference on Plasma Surface Interactions
in May 2014 in Kanazawa in Japan. It concentrates on a nitrogen seeding scan
conducted on a medium deuterium injection level of about 2.5 – 2.8e22 e/s in the
high-triangularity, horizontal target conﬁguration. Based on an unseeded ref-
erence plasma, three nitrogen seeding levels (1.5e22 e/s, 2.5e22 e/s, and 3.5e22
e/s) were investigated producing detached condition in the LFS divertor leg at
the highest investigated seeding rate.
Nitrogen seeded JET-ILW H-mode plasmas were investigated with the
2D ﬂuid edge code EDGE2D-EIRENE. The simulation setup and bound-
ary conditions can be found in Publication III. When imposing the radia-
tion with impurity seeding, the simulations reproduce the experimentally
observed factor-of-10 reduction in the outer target power deposition. This
occurs when the divertor radiation normalized by the estimated power
crossing the separatrix increases from the unseeded levels of 15% up to
the 50% levels required for detachment (Fig. 2 in the Publication III).
Consistent with previous experimental measurements in JET-C, nitrogen
is predicted to be the dominant radiator at radiation levels required for
detachment [246]. At the radiation levels required for onset of detach-
ment, nitrogen provides 85% of the total radiation, with deuterium pro-
viding 10% and beryllium the remaining 5% of radiation. Due to the low
radiative potential of nitrogen at the electron temperatures above 100 eV,
more than 80% of the radiation is predicted to occur in the scrape-off layer,
making nitrogen a suitable divertor radiator for typical JET divertor con-
ditions with electron temperatures around 30 eV.
The simulations reproduce the experimentally observed increase in the
LFS divertor radiation with nitrogen seeding, and the peaking of the radi-
ation at the LFS X-point with the transition to LFS divertor detachment
(Fig. 4.2). However, for the unseeded plasmas the simulations underesti-
mate the divertor radiation and the divertor Dα-emission by a factor of 2
indicating a shortfall in the radiation by fuel species. The peak nitrogen
radiation in the simulations follows the 10 – 30 eV electron temperature
contour in the divertor leg. Once the LFS divertor detaches, this contour
shifts from the LFS divertor leg to next to the LFS X-point, and, as a re-
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Figure 4.2. Comparison of the simulated divertor channels of the vertical bolometry for
attached high recycling (a) and detached (b) conditions. Low-N2 (JET pulse
number (JPN) 82554) and high-N2 (JPN 82811) are used for the experimen-
tal data. The red lines stand for EDGE2D–EIRENE simulations with full
recycling assumption for nitrogen and the black lines for EDGE2D–EIRENE
simulations with zero recycling assumption for nitrogen. Simulated 2D radi-
ated power distribution (c and d), 2D NII (500 nm) emission distribution (e
and f), and 2D deuterium ionization distribution (g and h) for attached and
detached EDGE2D–EIRENE simulations with full recycling assumption. In
the radiated power ﬁgures, the colorbar spans from 0 (blue) to 4 MW/m3 (red).
Arbitrary units are used in the NII emission and D0 ionization distribution
ﬁgures.
sult, the peak radiation front shifts from the divertor leg to the X-point
as is observed both in the experiment and in the model. In this divertor
state, the LFS divertor leg is mainly at electron temperatures below 5 eV,
reaching sub-eV temperatures in front of the strike point. As a result, the
NII (500 nm) emission, indicative of electron temperatures of 5 – 15 eV
in the EDGE2D-EIRENE simulations, shifts from the LFS strike point
and divertor leg to the LFS X-point as is observed both in the model and
in the experiment (Figs. 4.2 and 4.3). The simulations indicate that the
location of the NII (500 nm) emission peak is a good proxy for the poloidal
location of the deuterium ionization front (Figs. 4.2 and 4.3). Therefore,
the NII emission distribution can be used to extract 2D information about
the divertor electron temperatures.
When imposing the measured divertor radiation with impurity seeding,
the simulations reproduce the experimentally observed particle ﬂux re-
duction at the low-ﬁeld side target without the need for strong recombi-
nation (Fig. 4.4). The simulations indicate that this observation is due
to both reduced overall deuterium recycling rate, by a factor of 2–3, in
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Figure 4.3. Nitrogen NII (500 nm) spectroscopic signals in the divertor. (a) Line-
integrated NII emissivities in the divertor as measured by the vertical di-
vertor spectrometer (JET diagnostics system KS3) [240]: blue (low-N2 / JPN
82554), red (mid-N2 / JPN 82810), brown (high-N2 / JPN 82811). The ra-
dial locations of the HFS strike point (HFS SP), X-point (XP), and LFS strike
point (LFS SP) are illustrated with grey shading. (b – d) 2D reconstructed
NII emission in the divertor plasma, based on the divertor endoscope mea-
surements (JET diagnostic system KL11) [247]
the LFS divertor, and due to volume recombination in front of the tar-
get. The reduction of the recycling rate can occur due to low power at the
deuterium recycling front and is, therefore, strongly linked to the extrin-
sic impurity radiation. This mechanism is not expected to apply in deu-
terium fuelling to detachment, since without strong impurity radiation,
the main power dissipation mechanisms, deuterium ionization and radi-
ation, is coupled to the recycling process itself. Furthermore, this mech-
anism requires strong enough momentum losses in the divertor leg, such
that the plasma particle ﬂow into the recombination region, as well as the
neutral deuterium ﬂow into the ionization region are both slow, as needed
for reduced overall recycling rate. As a result, detachment via reduced
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Figure 4.4. Simulated outer divertor ion saturation currents before and after nitrogen in-
duced detachment with zero recycling assumption for nitrogen (a) and with
full recycling assumption for nitrogen (b). Black symbols represents plasmas
in high recycling conditions (JPN 82554) and the red symbols stands for plas-
mas in detached conditions (JPN 82811). Blue curves represent EDGE2D–
EIRENE simulations without 3-body, and radiative volume recombination
processes.
recycling is only possible in the model once there is a sufﬁcient plasma
volume or divertor connection length in electron temperatures below 5 eV
to allow neutral friction to reduce the plasma pressure in the divertor leg.
Therefore, the ionization front tends to be close to the X-point already
once low plasma pressures are obtained at the target.
Since nitrogen is chemically active, forming ammonia and molecules
with tungsten, the recycling properties of nitrogen are signiﬁcantly more
complicated than those of noble gases [217]. For a pristine ILW, one would
expect the nitrogen recycling coefﬁcient to be close to zero due to sticking
of nitrogen atoms to the wall. However, since the divertor surface layers
in nitrogen seeding operation are expected to reach near-to-equilibrium
nitrogen concentration within a few discharges, the effective nitrogen re-
cycling coefﬁcient is predicted to approach unity, at least on the divertor
PFMs [190]. To investigate the sensitivity of the model predictions to ni-
trogen recycling, simulations with recycling coefﬁcients of 0 and 1 (except
pumping in the divertor) were considered for nitrogen in Publication III.
The reason to conduct the studies only for these two extremes was re-
lated to the fact that, only these two options were available in EDGE2D-
EIRENE. Generally, the zero recycling assumption changes the nitrogen
distribution to be very peaked around the injection valve, which leads to
overestimated nitrogen emission levels close to the injection valve rela-
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tive to HFS divertor. However, with zero recycling assumption, the sim-
ulations captured the increase of the divertor strike point saturation cur-
rents in the transition to high recycling conditions with nitrogen seeding.
This was attributed to cooling of the plasma in front of the injection valve,
which enabled recycling neutrals to pass this region and ionize closer to
strike point increasing the recycling levels there.
Summary: This work was the ﬁrst series of JET H-mode EDGE2D-EIRENE
simulations conducted with the ITER-like wall with impurity seeding. The stud-
ies show that by imposing the radiation with impurities, the simulations do re-
produce the experimentally observed 2D distributions of total radiated power and
NII (500 nm) radiation. Furthermore, by imposing radiation with impurities,
the simulations reproduce the experimentally observed particle ﬂux reduction in
the LFS detachment. The author also conducted simulations with and without
volume recombination to demonstrate that the role of volume recombination in
impurity induced divertor detachment may not be as signiﬁcant as it is in detach-
ment imposed by deuterium fuelling only.
The simulations did not include cross-ﬁeld drifts or currents, which is why the
focus has been on the LFS divertor. Furthermore, the simulations underestimate
the radiation by fuel species by a factor of 2.
4.3 Comparison of H-mode plasmas in JET-ILW and JET-C with and
without nitrogen injection
Publication II extended the studies published in Publication III to an overlapping
nitrogen seeding scan conducted with the previous full carbon wall of JET.
Since carbon is a strong radiator at divertor electron temperatures of 30
eV in JET, changing from JET-C to JET-ILW was expected to reduce the
divertor radiation in JET (Fig. 4.5). Experimentally, about a 30 – 50%
reduction in the total and divertor radiated power was observed in both
L- and H-mode plasmas [182, 95]. Since the radiative characteristics of
nitrogen are very similar to those of carbon, nitrogen injection is expected
to provide plasma radiative characteristics in JET-ILW close to those ob-
served in the unseeded JET-C plasmas. This also observed experimentally
as well as in EDGE2D-EIRENE simulations [182] and Publication II. Co-
incidentally, nitrogen seeding was also observed to partially recover the 30
– 40% reduction of H-mode plasma performance that followed the change
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from JET-C to JET-ILW, especially in high-triangularity plasmas, indicat-
ing a role of low charge state impurities in the formation and performance
of H-mode pedestal in JET [182, 194, 251, and references therein].
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Figure 4.5. Radiated power function of beryllium (a, red), carbon (black), and nitrogen (b,
red) as a function of the background electron temperature in coronal equilib-
rium (solid lines) and as calculated by EDGE2D-EIRENE (dots). The range of
typical divertor temperatures (Te < 40 eV) is highlighted with grey shading.
The impact of wall material on the divertor performance of JET H-mode
plasma with carbon and ITER-like walls with and without nitrogen seed-
ing was further investigated and simulated with EDGE2D-EIRENE in
this doctoral thesis. The impact of wall materials on the divertor plasma
characteristics were investigated in three steps with EDGE2D-EIRENE.
In the ﬁrst step, pure deuterium simulations without any impurity con-
tamination were considered to isolate the impact of reduced molecular
fraction in the divertor recycling ﬂuxes in JET-ILW relative to JET-C on
the divertor plasma characteristics. The reduced molecular fraction is
caused by a higher fraction of fast, reﬂected atoms off the tungsten surface
[252]. In the second step, unseeded plasmas were simulated, including
beryllium and carbon impurities to investigate the impact of intrinsic im-
purities on the divertor plasma characteristics. Finally, in the third step,
nitrogen seeding was introduced into the simulations to investigate the
impact of wall materials on the performance of the divertor with seeded
impurities. The same EDGE2D-EIRENE grid was used for all the simu-
lations.
In the pure deuterium simulations, the EDGE2D-EIRENE simulations
predict 20 – 100% higher molecular fractions in the divertor recycling
ﬂuxes for JET-C when compared to JET-ILW (Fig. 4.6a). This is con-
sistent with previous publications [251 – 254, and references therein].
[253, 254, 255, 256, and references therein]. The simulations show a
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log-linear relation between the molecular fraction and the strike point
electron temperature at the LFS divertor plate, illustrated in Fig. 4.6a.
Consistent with higher deuterium reﬂectivity and atomic fraction in the
divertor recycling ﬂuxes, the energy reﬂection fraction in the divertor re-
cycling ﬂuxes in JET-ILW is predicted to be about 60 +/- 5%, and in JET-C
about 30 +/- 5% (Fig. 4.6b). The total energy reﬂection fraction shows only
a weak dependence on the divertor plasma regime in the simulations. As
a result of the higher molecular fraction in the divertor recycling ﬂuxes,
the molecular density relative to the total neutral deuterium density in
the divertor chamber is predicted to be 20 – 100% higher in JET-C than
in JET-ILW (Fig. 4.6c).
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Figure 4.6. Ion fraction of the total divertor recycling ﬂux re-emitted as molecules (a),
the fraction of the impinging energy reﬂected on the divertor targets (b),
the ratio of the total molecular neutral deuterium density to the total neu-
tral deuterium density in the divertor (c), the simulated total hydrodynamic
pressure-ratio between the LFS target and the LFS mid-plane (d), the sim-
ulated LFS divertor peak saturation current, Jsat, LFS-target, (e), and the simu-
lated LFS strike point electron density, ne, LFS-target, (solid symbols) and
peak heat ﬂux, qpeak, LFS-target, (open symbols) (f) as a function of the strike
point electron temperature at the LFS target plate. The red squares rep-
resent pure deuterium simulations with the JET-ILW conﬁguration and the
black symbols simulations with the JET-C conﬁguration. The blue triangles
in ﬁgures d – f represent the JET-ILW simulations at the highest obtained
separatrix density without 3-body and radiative volume recombination pro-
cesses. A log-linear relation between the molecular fraction in the divertor
recycling and the peak electron temperature at the LFS divertor plate is ob-
served and illustrated with the corresponding equations and trend-lines in
the ﬁgure (a). The dashed lines in the ﬁgure (d) illustrate the 80%, 50%, 10%
and 5% pressure-ratio levels.
Since divertor detachment modelling indicates that elastic collisions be-
tween deuterium molecules and ions are typically observed to be one of
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the dominant momentum loss mechanism [68, 91 – 95], it is expected that
the reduced molecular fraction in the divertor plasma would adversely
impact the formation of the neutral friction zone in JET-ILW relative to
JET-C. However, the total pressure ratio between the LFS divertor target
and the LFS mid-plane does not change for a given strike point electron
temperature (Fig. 4.6d). Therefore, the simulations indicate that, as long
as the peak electron temperature at the LFS plate is given, the pressure
reduction between the LFS mid-plane and the LFS divertor plate does not
change, even though the molecular density in the divertor plasma does.
Hence, the impact of the wall material on the divertor pressure loss in
the simulations is implicit via reduction of the peak target electron tem-
perature for a given set of machine control parameters, such as plasma
density, input power, or impurity seeding rate. The peak saturation cur-
rent in the simulations rolls over at about Te ∼ 4 – 6 eV, when the peak
divertor pressure is predicted to be reduced relative to the upstream pres-
sure (Fig. 4.6e). The peak electron density, on the other hand, continues to
increase with reducing divertor temperature until Te ∼ 0.5 eV is reached,
at which point strong volume recombination in front of the strike point
enables reduction of the plate electron density (Fig. 4.6f).
Consistent with the experimental observations, a factor of 2 – 3 reduc-
tion in the radiated power in the divertor chamber is predicted with the
change from JET-C to JET-ILW (Fig. 4.7a). Deuterium radiation is pre-
dicted to increase by 10 – 20% for a given upstream density when chang-
ing from JET-C to JET-ILW, whereas radiation by intrinsic impurities is
reduced by up to 90%. This is due to a factor of 3 – 6 lower effective,
total, non-coronal radiative potential of beryllium when compared to car-
bon in the simulations (Fig. 4.5). As a result, in the unseeded JET-ILW
plasmas, deuterium provides about 90% of the divertor radiation, while in
the unseeded JET-C simulations, deuterium contributes 40% to the total
divertor radiation with carbon providing the remaining 60% in the base
case simulations with a factor of 2 enhancement of the chemical sput-
tering yield. If the chemical sputtering yield of carbon is enhanced by a
factor of 30 to reproduce the experimentally observed divertor radiation
values, more than 90% of the total radiation is provided by carbon (Figs.
4.7a and b). However, these simulations overestimate the experimentally
measured LFS divertor CIII (465 nm) emissions by a factor of 2 – 3 in-
dicating that the carbon content in the divertor plasma is overestimated,
therefore, compensating a short fall of radiated power by deuterium in the
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Figure 4.7. Simulated radiated power in the divertor chamber (Z < -1.2 m) (a), the simu-
lated CIII (465 nm) emission in the LFS divertor leg (b), the simulated LFS
plate power deposition (c), the simulated LFS plate peak power ﬂux (d), the
simulated LFS plate strike point electron temperature (e), and the simulated
LFS plate peak saturation current (f), as a function of the LFS mid-plane
electron collisionality (neL/T 2e ). The connection length is assumed to be 40
m. The grey and red shading in the ﬁgure (a) represent the range of the exper-
imentally measured values. The grey shading in the ﬁgure (b) represents the
experimentally measured values with the JET divertor spectrometer (KS3
[240]). The red symbols stand for JET-ILW simulations, the black symbols
for the JET-C simulations with the chemical sputtering yield multiplied by a
factor of 2 and the blue symbols for the JET-C simulations with the chemical
sputtering yield multiplied by a factor of 30. The simulation cases further
illustrated in ﬁgure 4.6 below are circled in ﬁgure f.
simulations (Fig. 4.7b). Similar ﬁndings were documented by Groth et al.
for JET-C and AUG [257].
The electron cooling potential due to radiation in the simulations, in-
cluding the transport induced enhancement over the coronal levels, in-
dicate that, as expected, the peak beryllium radiation occurs at around
electron temperatures about 2 – 3 eV, whereas the peak carbon radiation
occurs at around 10 – 30 eV (Fig. 4.5). Furthermore, it is observed that
carbon can reach a factor of 2 – 3 higher peak radiative losses than beryl-
lium in the simulations. Comparison to coronal equilibrium values indi-
cate that the transport induced non-coronal effects in EDGE2D-EIRENE
increase the effective radiative losses of beryllium by 2 – 3 orders of mag-
nitude in the electron temperatures of 5 – 30 eV. 1 – 2 orders of magnitude
enhancement is observed for carbon in the electron temperature range of
20 – 50 eV.
Consistent with the previous studies in L-mode plasmas, due to the
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reduced radiation levels in JET-ILW compared to JET-C, as well as due
to the reduced power dissipation by molecular interaction, the predicted
outer divertor peak power and total power deposition is increased by 25
– 50% for a given LFS mid-plane electron collisionality (Figs. 4.7c and d)
[95]. When comparing to the JET-C simulations with the chemical sput-
tering enhanced by a factor of 30, the predicted divertor power deposition
is higher in JET-ILW by a factor of 2 – 4. Consistently, the experimental
measurements indicate 20 – 50% lower LFS power deposition values in
JET-C than in JET-ILW. In JET-C, the experimental measurements indi-
cate LFS divertor power deposition values about 1.5 – 3.5 MW, reducing
with increasing deuterium fuelling [181]. As a result of the lower power
deposition at the LFS divertor plate, up to a factor of 4 lower LFS diver-
tor peak electron temperature is predicted for JET-C relative to JET-ILW
for a given LFS mid-plane electron collisionality; this prediction is consis-
tent with the experimental data (within its scatter) (Fig. 4.7e). Therefore,
the LFS detachment threshold in electron collisionality is predicted to be
only about 10 – 20% lower in JET-C than in JET-ILW, depending on the
assumption on the carbon chemical sputtering rate (Fig. 4.7f).
Nitrogen is observed to reproduce the radiative properties close to those
of carbon in the simulations (Fig. 4.5). As expected, the peak radia-
tive losses of carbon and nitrogen occurs at 10 – 30 eV, when including
the transport-induced enhancement over the coronal equilibrium values,
as given by EDGE2D-EIRENE. The peak radiative potential of nitrogen
with the ADAS 96 dataset is about 10% lower than that of carbon. Com-
parison to coronal equilibrium values indicate that the transport induced
equilibrium effects in EDGE2D-EIRENE increase the effective radiative
potential of nitrogen and carbon by 1 – 2 orders of magnitude in the elec-
tron temperatures of 20 – 50 eV. For electron temperatures about 40 –
100 eV, similar radiative potentials are predicted for carbon and nitro-
gen impurities in the simulations. For electron temperatures above 100
eV, corresponding to the computational domain inside the separatrix, the
radiative potential for both impurities are at low levels, therefore yield-
ing less than 20% of the total radiation to occur inside the simulations,
as long as the simulations do not enter a radiation-condensation insta-
bility (MARFE-like formation) inside the X-point. Due to these reasons,
both nitrogen and carbon are good divertor radiators for typical JET di-
vertor conditions with electron temperatures in the range of 30 eV. With
increasing nitrogen seeding, nitrogen radiation is predicted to increase in
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Figure 4.8. LFS divertor target peak heat ﬂux, qpeak, LFS, (a) LFS divertor peak saturation
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bols), and total LFS SOL recombination sink, Srecombination, LFS, SOL (lower hol-
low symbols) in the seeded JET-ILW (red) and the JET-C (black) simulations,
as a function of the total divertor radiated power below Z = -1.2 m. d) Mea-
sured and predicted LFS divertor Dα-emission. The hollow red squares and
the hollow black circles in ﬁgures a and b represent experimental data points
in the JET-ILW and JET-C environments, respectively. The red lines repre-
sent EDGE2D-EIRENE simulations with the JET-ILW material conﬁgura-
tion and the black lines simulations with the JET-C material conﬁguration.
both JET-C and JET-ILW, whereas the radiation due to deuterium and
intrinsic impurities are predicted to be reduced. The reduction of deu-
terium radiation is caused by reduced overall deuterium recycling rate in
the simulations with increasing nitrogen seeding, whereas the reduction
of beryllium and carbon radiation occurs due to reduced sputtering rate
of these impurities.
Similar to experimental observations, the predicted LFS divertor peak
heat ﬂux is reduced nearly linearly from the unseeded levels of 3 – 5
MW/m2 down to levels below 0.5 MW/m2 with increasing nitrogen seed-
ing. This happens when the divertor radiation levels increase from the
unseeded 1 – 2 MW (∼ 15 – 25% of PSOL) levels to the 4 MW (∼ 50%
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of PSOL) levels corresponding to detached solutions (Fig. 4.8a). Similar
to experimental observations, detachment induced by nitrogen occurs in
both JET-C and JET-ILW simulations when the divertor radiated power
reaches the levels of about 45 – 50% of the power crossing the separatrix
corresponding to divertor radiated power about 3.5 – 4 MW. This is indi-
cated by reduction of the peak and total integral saturation current at the
LFS divertor plate (Figs. 4.8b, and c). The peak LFS divertor radiation
front is shifted from the divertor leg to the LFS SOL X-point following
the onset of strike point detachment in both JET-C and JET-ILW simula-
tions, similar to experimental observations. In these divertor conditions,
the LFS divertor leg electron temperatures drop below 5 eV, required for
divertor detachment to occur. This also reduces radiative losses of nitro-
gen and carbon in the divertor leg (Fig. 4.5). As a result, the peak ra-
diation front shifts to the LFS X-point, where the cross-ﬁeld heat source
from the conﬁned region and the shallow magnetic pitch angle enable the
SOL plasma to maintain the electron temperatures sufﬁciently high for
impurity radiation. For both the JET-C and JET-ILW simulations, with
increasing nitrogen seeding and impurity radiation, the integral LFS di-
vertor particle ﬂuxes roll over due to reduced overall deuterium recycling
rate in the divertor leg similar to result published in Publication III (Fig.
4.8c). Therefore, unlike in the simulations without impurities, strong vol-
ume recombination is not required for target particle ﬂux reduction. The
reduced recycling rate is possible due to strong extrinsic impurity radi-
ation reducing the power ﬂow reaching the deuterium ionization front,
thereby, reducing the total deuterium ionization rate. Together with suf-
ﬁcient momentum losses in the low ﬁeld side divertor leg limiting the
plasma ﬂow into the recombining regions, the overall recycling rate is
reduced in these simulations. The overall momentum losses in the LFS
divertor leg due to neutral interaction in these simulations reach values
comparable to the total hydrodynamic pressure of the SOL plasma above
the X-point.
The LFS divertor Dα-emissions are underestimated by a factor of 2 in
the unseeded JET-ILW plasmas (Fig. 4.8d). With increasing nitrogen
seeding, the LFS divertor Dα-emissions is measured to increase reaching
maximum values of roughly a factor of 2 – 3 higher than in the unseeded
basecase. This is caused by reduction of divertor Te and increase of the re-
combination emission of Dα. In contrast, with nitrogen seeding in the sim-
ulations, the Dα-emission in the LFS divertor leg increases by about 30%
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with increasing nitrogen seeding into a high recycling plasma. In detach-
ment, the Dα-emission is reduced with increasing degree of detachment
until a strongly recombining solution is obtained (Fig. 4.8d). A possible
explanation for the discrepancy in the detached solutions is underesti-
mated volume recombination in the simulations, therefore, underestimat-
ing the recombination Dα-emission. In the strongly recombining solutions
in JET-ILW, the predicted Dα-emission in the LFS divertor leg is about a
factor of 2 lower than that measured experimentally at the highest nitro-
gen injection level. For this case, the predicted volume recombination in
the LFS divertor leg is roughly equal to the surface recombination. If it
is assumed that the recombination Dα-emission is linearly proportional
to the recombination magnitude, which is a strong assumption due to the
non-linear dependence of Dα-emission on the local densities and tempera-
tures, the simulated recombination rate would be a factor of 2 lower than
measured. Therefore, if the recombination rate in the EDGE2D-EIRENE
predictions would be a factor of 2 higher, the solution would be dominantly
volume recycled. However, even in such conditions, the dominant reduc-
tion of the LFS divertor particle ﬂux, compared to the unseeded levels,
is caused by reduced deuterium ionization and recycling rate. Therefore,
the bulk reduction of the LFS divertor particle ﬂuxes can be achieved
even without volume recombination in the simulations, whereas volume
recombination is needed in the simulations to reproduce the contribution
of volume recombination to the total LFS recycling rate. The latter is
presumably signiﬁcant in the impurity induced detachment in the exper-
iments.
Summary: This work was the ﬁrst series of JET H-mode EDGE2D-EIRENE
simulations contrasting the operation with the full carbon (JET-C) and ITER-like
wall (JET-ILW) materials with and without nitrogen seeding. The simulations
included analyses of the impact of deuterium recycling properties on the PFMs,
impact of intrinsic SOL radiators, carbon and beryllium, and impact of nitro-
gen seeding on the divertor performance characteristics in the two wall material
conﬁgurations. The author conducted a systematic series of pure deuterium sim-
ulations without impurities included with the two wall material conﬁgurations
to isolate and to investigate the impact of deuterium recycling properties on the
PFMs on the divertor performance. These simulations indicates that due to the
larger molecular contribution in the divertor recycling ﬂuxes, the JET-C plasmas
are predicted to have up to a factor of 2 lower peak electron temperature at the
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LFS divertor plate for a given SOL collisionality than the JET-ILW plasmas. The
author conducted an overlapping series of unseeded simulations in the JET-C
and JET-ILW with carbon and beryllium impurities included to investigate the
impact of intrinsic radiators on the divertor performance. As expected, when in-
cluding the intrinsic SOL radiators, carbon and beryllium, into the simulations,
a factor of 2 – 3 reduction of radiated power in the divertor chamber is predicted
when changing from JET-C to JET-ILW, consistent with experimental observa-
tions. The author conducted an overlapping series of nitrogen seeded simulations
in the JET-C and JET-ILW, as well as contrasted the experimental observations of
divertor performance in the two wall conﬁgurations with nitrogen seeding. It was
observed that LFS divertor detachment was obtained at similar divertor radiated
power values in the two conﬁgurations both in the experimental measurements as
well as in the predictions. In the JET-ILW simulations, the missing carbon radi-
ation was compensated by larger nitrogen radiation contribution, such that with
nitrogen seeding the two conﬁguration reached detached divertor conditions at
similar radiated power values. The simulations did not include cross-ﬁeld drifts
or currents, which is why the focus has been on the LFS divertor. Furthermore, the
simulations underestimate the radiation by fuel species and intrinsic impurities.
Therefore, forthcoming studies should address whether the nitrogen radiation in
these studies compensates over underestimated fuel and intrinsic impurity radia-
tion.
4.4 Impact of divertor geometry on radiative divertor performance
in JET H-mode plasmas
Publication I investigates the impact of divertor geometry on the radiative divertor
performance in JET H-mode plasmas with nitrogen seeding. This study extends
the studies in Publication III from horizontal LFS divertor plate to an overlapping
series on vertical LFS divertor plate.
In the unseeded plasmas, the two divertor conﬁgurations reach the same
main SOL and pedestal electron density and temperature (pedestal only)
proﬁles, as well as peak electron temperature at the LFS divertor plate
(about 30 eV) (Figs. 4.9a and b). A factor of 2 higher peak saturation
current is measured at the LFS plate in the vertical conﬁguration than in
the horizontal conﬁguration (Fig. 4.9c). Furthermore, EDGE2D-EIRENE
simulations indicate that this occurs with a lower strike point electron
temperature in the vertical conﬁguration, although the divertor probe
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Figure 4.9. Measured and predicted LFS mid-plane electron density (a), LFS target elec-
tron temperature (b), and LFS target saturation current (c) proﬁles in the
unseeded plasmas in horizontal (black) and vertical (red) divertor conﬁgura-
tions. The measured HRTS proﬁles are shifted by +1.5 cm (horizontal) and
+1 cm (vertical), such that the measured separatrix electron temperature is
about 100 eV, which is consistent with assuming conduction-limited SOL in
an H-mode plasma in a JET-sized tokamak. The measured Li-beam proﬁles
are shifted by -0.8 cm (horizontal) and -0.5 cm (vertical) to align the sepa-
ratrix ne with the HRTS proﬁle. Finally, the Langmuir probe proﬁles are
shifted by +0.5 cm (horizontal) and +0.9 cm (vertical) such that the satura-
tion current peaks in the common SOL.
proﬁles do not properly resolve the vicinity of the strike point in this
plasma. These ﬁndings, yet marginally, are inline with the conventional
idea that the vertical conﬁguration facilitates recycling towards the sep-
aratrix and, therefore, enhances the densities and recycling levels at the
strike points, and thus leads to lower temperatures locally. However, since
the downstream divertor Te and Jsat evolve proportional to n2e, a small
change in ne, LFS-MP, sep, which is well within the scatter of the experimen-
tal data, could produce the same effect.
With the base case boundary conditions and cross-ﬁeld transport as-
sumptions, assuming the same electron density at the LFS mid-plane
separatrix, the EDGE2D-EIRENE simulations reproduce the measured
saturation currents and proﬁles at the LFS divertor target in the two con-
ﬁgurations (Fig. 4.9c). As measured experimentally, EDGE2D-EIRENE
predicts a factor of 2 – 3 higher LFS strike point saturation currents in
the vertical than in the horizontal divertor conﬁguration. As a result,
the strike point electron temperature is predicted to be about a factor of 3
lower in vertical than in the horizontal conﬁguration (Fig. 4.9b). However,
whereas in the horizontal divertor conﬁguration the model reproduces the
measured main SOL density proﬁle, in the vertical conﬁguration the den-
sity 0.5 cm away from the separatrix, and further radially away, is un-
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derestimated by a factor of 2 (Fig. 4.9a). This is associated with a factor
of 2 – 3 overestimated far SOL electron temperatures in the vertical con-
ﬁguration (Fig. 4.9c). The horizontal conﬁguration is able to reach the
factor of 2 higher far SOL density relative to the vertical conﬁguration for
the same set of transport coefﬁcients due to stronger far SOL ionization
source. Whereas in the vertical conﬁguration, as expected, the divertor
ionization distribution is strongly localized in front of the strike point, the
horizontal conﬁguration leads to recycling towards the far SOL producing
signiﬁcantly broader ionization distribution in front the target, thereby
fuelling the far SOL. The concentration of recycling neutrals towards
the separatrix in the vertical conﬁguration tends to create ﬂow reversal
patterns in the near SOL and high mach ﬂows towards the target in the
far SOL, which further reduce the far SOL densities (Chapter 15 in [31]
and references therein). The horizontal conﬁguration creates an oppo-
site effect. However, if cross-ﬁeld drifts dominate the SOL ﬂows, then
the ionization driven ﬂows may be less important. Therefore, an open
question remains, whether the lack of drifts in the simulations explains
the, experimentally not observed, strong differences in the density proﬁles
between conﬁgurations. Otherwise, the vertical divertor simulations, as
they stand, presumably underestimate either the neutral leakage or the
plasma transport into the far SOL.
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Publication I.
Within the uncertainty of the experimental data and the range of the
simulated EDGE2D-EIRENE cases in this study, the vertical divertor is
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not measured or predicted to offer any beneﬁt in terms of minimizing the
LFS divertor peak heat ﬂux for a given radiation level imposed by nitro-
gen (Figs. 4.10a and b). As observed, both vertical and horizontal divertor
conﬁgurations in this study require a radiative fraction of about 50% to
reach LFS divertor heat ﬂuxes less than 2 MW/m2, which is of the order
of the diagnostics resolution of the divertor probes (Fig. 4.10a). Further-
more, the simulations show no beneﬁt in vertical conﬁguration in mini-
mizing the impurity contamination, fuel dilution, and Zeff levels needed
for a given radiated power level. Similarly, EDGE2D-EIRENE predicts
that fairly similar SOL radiation fractions of 60 – 80% are needed in
both conﬁgurations to reach LFS divertor peak heat ﬂuxes less than 1
– 2 MW/m2 (Fig. 4.10b). Whereas in the unseeded plasmas, the divertor
radiation is underestimated by a factor 2 in the EDGE2D-EIRENE sim-
ulations, by imposing the radiation with nitrogen seeding, the measured
radiated power levels and distribution in the divertor can be obtained in
both conﬁgurations.
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Figure 4.11. Measured (dots) and predicted (lines) LFS target electron temperature (a)
and saturation current (b) distributions with increasing levels nitrogen
seeding (unseeded/black, mid-N2/blue, high-N2/red) for the horizontal (up-
per row) and vertical (lower row) LFS divertor target conﬁgurations.
The measured reduction of the LFS target electron temperatures, heat
and particle ﬂuxes in the detachment assisted by nitrogen is captured
by the EDGE2D-EIRENE simulations in both conﬁguration when im-
posing the measured levels of divertor radiation with nitrogen seeding
(Fig. 4.11). In the simulations of the horizontal conﬁguration, detach-
ment assisted by nitrogen leads to reduction of the LFS saturation current
across the entire proﬁle. On the other hand, in the vertical conﬁguration,
the plasma at the strike point detaches at lower impurity radiation lev-
els than the rest of the SOL plasma, and the peak saturation current
shifts towards far SOL with increasing degree of detachment (Fig. 4.11).
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These observations are also consistent, yet marginally, with the LFS tar-
get Langmuir Probe measurements within the uncertainty in the data.
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Figure 4.12. Predicted 2D deuterium ionization distribution in the divertor for the
EDGE2D-EIRENE solutions compared to the measured bolometer signals
in Fig. 4.11
In the simulations of the horizontal LFS divertor conﬁguration, the LFS
strike point recycling levels increase at moderate radiation levels and the
far SOL recycling levels drop when increasing the nitrogen seeding from
the unseeded levels to the medium seeding level (Fig. 4.11b). This is
caused by cooling of the far SOL plasma, whereas the strike point tem-
peratures remain still around 10 eV. As a result, the broad ionization
distribution in front the horizontal target contracts from the far SOL to-
wards the strike point, where the plasma conditions are still ionizing.
This increases the ionization source at the strike point and reduces it in
the far SOL resulting in the observed change in the saturation current
proﬁle. Increasing the nitrogen seeding further, also the strike point elec-
tron temperature collapses to low values below 1 eV, producing completely
collapsed target electron temperature proﬁles. As a result, the ionization
front detaches from the strike point and shifts towards the X-point pro-
ducing a V-shaped 2D ionization proﬁle in the divertor leg, which follows
the 5 – 15 eV electron temperature contour (Fig. 4.12). As this occurs, the
saturation current proﬁle at the LFS target is reduced uniformly across
the proﬁle. In other words, a well-deﬁned, partially detached state, as
suggested by Kallenbach et al. [113], does not exist for the horizontal
conﬁguration in these simulations. Instead, a gradual, complete, divertor
proﬁle detachment follows the high-recycling divertor regime. The lack
of partially detached LFS divertor regime in the horizontal conﬁguration
might be caused by the combination of outward tilted horizontal JET tile
88
Radiative divertor studies in JET high conﬁnement mode plasmas
number 5 and the close proximity of the vertical bafﬂe JET tile number
7. The neutrals recycling from the horizontal tile, on which the strike
point is, are preferentially reﬂected towards the vertical bafﬂe tile, which
reﬂects them back into the far SOL in the LFS divertor. As a result, the
far SOL neutral densities and ionization sources are increased in the LFS
divertor leg, facilitating detachment of the far SOL at lower main SOL
densities, collisionalities and radiative power levels. The outwards tilted
and side bafﬂed horizontal divertor conﬁguration was previously found
to lead to similar effect in the JET Mark-IIA divertor [125]. However,
partially detached horizontal divertor plasmas were achieved in the JET
Mark-I divertor, operating without side bafﬂes, with and without impurity
seeding [129].
In the vertical conﬁguration, neutral recycling occurs preferentially to-
wards the separatrix and the private ﬂux region. Therefore, the main
neutral reservoir in the divertor plasma in the vertical conﬁguration is
in the private ﬂux region. In the horizontal conﬁguration both PFR and
far SOL provide neutral reservoir for deuterium ionization. As a result,
unlike in the horizontal conﬁguration, the divertor ionization is strongly
localized close to the separatrix in the vertical conﬁguration in the model,
producing strong peak saturation currents close to the strike point in at-
tached conditions in the vertical geometry (Figs. 4.11 and 4.12). However,
as documented by Moulton et al. [132], this effect is obtained in the LFS
divertor only if the neutrals are reﬂected back from the PFR ﬂoor tiles
(tile 5 in JET). If the neutrals are lost in the PFR, the impact of the di-
vertor geometry on the LFS divertor characteristics are strongly reduced
[132].
With moderate nitrogen injection, the divertor plasma cools down pref-
erentially along the separatrix in the divertor leg, where the product of
electron and nitrogen densities and radiative loss function (Te) are most
favorable for nitrogen radiation (Fig. 4.12). As this happens, the ionizing
plasma contour (Te > 5 eV) shifts towards the far SOL, and neutrals pen-
etrate radially further into the divertor leg increasing the saturation cur-
rent away from the strike point (Fig. 4.12), and producing divertor proﬁles
conventionally associated with partial divertor detachment [113]. The di-
vertor Dα-emission is underestimated by a factor 2 – 5 throughout the
nitrogen injection scans, indicating a short-fall in radiation from the fuel
species. Whereas in the unseeded cases one could argue that the omission
of drifts can partially explain the discrepancy, at least in the HFS diver-
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tor, the role of drifts is expected to be less signiﬁcant for strongly seeded,
detached plasmas. Therefore, the omission of drifts is likely not to fully
explain the discrepancy. Instead, some Dα-emission channels, signiﬁcant
at low temperature (< 2 eV), high density (1020−1021 m−3) plasmas, might
not be taken into account in the EDGE2D-EIRENE post processing rou-
tine. Furthermore, due to the strong radiation-temperature-coupling for
deuterium at low temperatures, for which the relevant reaction rates be-
come very non-linear, the radiation short-fall with deuterium, might be
a consequence of the given ﬂuid model not solving the physics details in
the deuterium recycling region properly yet, leading to underestimated
deuterium radiated power and Dα-emission.
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total measured radiated power in the experiment divided by the total heat-
ing power in the experiment. The rational to use different x-axises for the
experimental data and for the simulations is related to the difﬁculties in
obtaining accurate experimental estimations for the Prad, SOL and PSOL. For
further details the reader is suggested to check the Publication I.
With increasing nitrogen injection rate in the horizontal conﬁguration,
a 25% increase of the pedestal electron density is experimentally observed
at medium N2-levels. At higher nitrogen injection levels required for LFS
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detachment, about 10% reduction of the pedestal density is observed (Fig.
4.13a) (See also [157]). In contrast, in the vertical conﬁguration, only a
few % reduction of pedestal density is observed with increasing nitrogen
seeding rate from the unseeded levels to partial LFS detachment. Inter-
estingly, EDGE2D-EIRENE simulations reproduce this behavior qualita-
tively, such that increasing the nitrogen seeding rate only relative to the
unseeded base case, without changing any cross-ﬁeld transport assump-
tions, a monotonic 43% increase of pedestal electron density is obtained
through the seeding scan in the horizontal conﬁguration. On the other
hand, in the vertical conﬁguration, the pedestal electron density remains
constant within 6% throughout the seeding scan (Fig. 4.13b). The re-
duction of the pedestal electron density in the horizontal conﬁgurations
following the LFS divertor detachment is not observed in the simulations
and may be related to increase in the pedestal cross-ﬁeld transport with
LFS detachment or increasing upstream collisionality, not addressed in
these simulations.
With increasing nitrogen injection rate, an increase in the pedestal neu-
tral fuelling is observed in both conﬁgurations with increasing SOL radi-
ation (Fig. 4.13c). However, in the horizontal conﬁguration this is asso-
ciated with approximately steady total pressure and electron density at
the LFS mid-plane separatrix, such that the pedestal density is increased
with increasing pedestal fuelling (Fig. 4.13d). In the vertical conﬁgura-
tion, on the other hand, the total pressure and electron density are re-
duced at the LFS mid-plane separatrix with increasing nitrogen injection
such that, despite increasing pedestal fuelling, the pedestal density does
not increase in the model. This is caused by detachment of the strike point
region in the vertical target simulations at relatively low radiated power,
as is illustrated by the strong reduction of total pressure at the strike
point at 40% SOL radiation fraction (Fig. 4.13d). As the strike point re-
gion detaches, the total pressure in the separatrix ﬁeld line is reduced in
the simulations, even though the power crossing the separatrix remains
practically the same. In principle, this mechanism should reproduce the
reduction of pedestal density in LFS detachment in the horizontal conﬁg-
uration as well. However, in the simulations, such a strong reduction of
LFS mid-plane pressure in LFS detachment, as is observed in the vertical
conﬁguration, is not observed in the horizontal conﬁguration.
Unlike the original horizontal and vertical JET divertor geometry stud-
ies with the Mark-I divertor [129, and references therein], the divertor
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geometries studied in this dissertation do not represent a pure horizon-
tal to vertical divertor comparison. In this study, the HFS divertor strike
point is on the vertical plate, JET tile number 3, in both conﬁgurations,
due to the requirement to maintain a high triangularity plasma shape,
which is important for H-mode performance in these discharges. There-
fore, in the horizontal LFS divertor geometry, the vertical HFS divertor
conﬁguration is expected to have an impact on the pedestal neutral fu-
eling from the HFS side, HFS divertor contribution on the LFS divertor
neutral distribution and plasma proﬁles, as well as on the LFS to HFS
divertor asymmetries, thermoelectric currents, drifts and ﬂow patterns in
the SOL. To unambiguously disentangle the impact of the HFS divertor
conﬁguration on the LFS divertor characteristics, experiments with low
triangularity plasma shapes should be conducted with the HFS divertor
strike point on both the vertical, JET tile number 3, and the horizontal,
JET tile number 4, plates.
Overall, neither the horizontal conﬁguration nor the vertical conﬁgura-
tion are predicted to provide any substantial beneﬁt in terms of minimiz-
ing divertor surface heat loads or plasma contamination levels for a given
radiated power level. Therefore, as the vertical conﬁguration has been ob-
served to provide enhanced divertor performance when compared to hori-
zontal conﬁgurations, it can be concluded a vertical conﬁguration is more
favorable in reactor studies. However, based on these studies, as well as
studies published in [129, 131], the impact of the divertor geometry on the
divertor performance is not always as strong in JET as predicted by the
ﬂuid simulation tools.
Summary: This work was the ﬁrst series of JET H-mode EDGE2D-EIRENE
simulations contrasting the operation with the horizontal and vertical LFS diver-
tor conﬁguration in ITER-like wall materials with and without nitrogen seeding.
It was experimentally observed that in the unseeded plasmas, the two divertor
conﬁgurations reach the same main SOL and pedestal electron density and tem-
perature (pedestal only) proﬁles, as well as peak electron temperature at the LFS
divertor plate. With the base case boundary conditions and cross-ﬁeld transport
assumptions, assuming the same electron density at the LFS mid-plane separa-
trix, the EDGE2D-EIRENE simulations reproduce the measured saturation cur-
rents and proﬁles at the LFS divertor target in the two conﬁgurations. However,
whereas in the horizontal divertor conﬁguration the model reproduces the mea-
sured main SOL density proﬁle, in the vertical conﬁguration the density 0.5 cm
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away from the separatrix, and further radially away, is underestimated by a fac-
tor of 2. There is no substantial difference predicted or measured in the reduction
of the peak LFS divertor power as a function of the radiated power in the diver-
tor. With increasing degree of detachment with nitrogen radiation, the horizontal
divertor is predicted to detach uniformly across the entire LFS proﬁle. With the
vertical target, on the other hand, the detachment front propagates from the strike
point towards the far SOL with increasing degree of detachment. These ﬁndings
are consistent within the target Langmuir probe measurements, within their scat-
ter.
The simulations did not include cross-ﬁeld drifts or currents, which is why the
focus has been on the LFS divertor. The drifts and currents are also expected to
impact the predicted divertor and SOL ﬂow patterns. Furthermore, the relative
importance and the spatial distribution of drift and transport driven components
may depend on the divertor geometry and ionization source distributions. These
will further impact the predicted density proﬁles and impurity transport, which
impact the predicted radiation proﬁles. Therefore, forthcoming studies should
emphasize extending these simulations to include cross-ﬁeld drifts and currents.
4.5 Impact of nitrogen and neon radiation on partially detached
divertor operation in JET H-mode plasmas
Publication IV extends the vertical divertor studies in Publication I to seeding
with neon. This publication compares the measured and predicted impact of ni-
trogen and neon radiation on the partially detached divertor operation in JET
H-mode plasma of high-triangularity.
The simulations show that changing only the radiating species while
maintaining all the other input parameters unchanged, the LFS diver-
tor peak heat ﬂux, qLFS, DIV, is reduced in similar fashion with either N2
or Ne injection (Fig. 4.14a). This result is qualitatively consistent with
experimental observations and obtained in the simulations when adjust-
ing the impurity injection rate to reproduce the experimentally measured
levels of radiation. However, whereas the radiative loss function of nitro-
gen peaks around electron temperatures of 10 – 40 eV, reducing to low
values at temperatures above this region, the peaking region for neon ex-
tends from 20 eV up to 100 eV (Fig. 4.14b). Furthermore, for electron
temperatures inside the pedestal (Te > 500 eV), the radiative potential
of neon is about a factor of 5 – 10 higher than that of nitrogen. As a
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Figure 4.14. (a) Measured (solid circles) and predicted (connected hollow squares) LFS
divertor peak heat ﬂux as a function of radiated power fraction. The size
of the symbols resembles the uncertainties in the measurements. Since the
EDGE2D-EIRENE simulation grid includes only the pedestal and SOL re-
gions, the radiated power fraction used as the x-axis for the simulations is
calculated according to the formula fEDGE2D-EIRENErad = (P
EDGE2D-EIRENE
RAD + 4
MW)/18MW, where 4 MW stands for the unaccounted core radiation contri-
bution. The simulation cases representing the unseeded (black), medium-
N2/Ne (blue) and high-N2/Ne (red) injection cases are circulated with color-
coded circles b) The radiated power function for N (black), and Ne (red), as a
function of electron temperature in coronal equilibrium (solid lines) and in
EDGE2D-EIRENE simulations (dots) in the medium-N2/Ne injection cases.
result, at impurity injection rates producing partially detached divertor
conditions at the LFS divertor plate (the cases with the red circle in the
Fig. 4.14a), more than 90% of nitrogen radiation in the computational
domain is predicted to occur in the divertor chamber below the vertical
height of Z = -1.2 m. The computational domain extends 12 cm inside
the separatrix at the LFS-MP. Therefore, nitrogen seeding is predicted to
enable partially detached divertor operation in JET with a very minor re-
duction of the power crossing the separatrix, PSOL. On the other hand, in
partially detached divertor conditions with neon injection, less than 50%
of radiation is predicted to occur below the vertical height of Z = -1.2 m.
As a result, at neon injection rates required for substantial reduction of
qLFS, DIV, a substantial reduction of PSOL is predicted. These ﬁndings are
qualitatively consistent with experimental observations (Publication IV).
Overall these ﬁndings are also consistent with ITER prediction, conducted
with the SOLPS code package [209]. In this publication, the operational
space with neon seeding is predicted to be more restricted than the oper-
ational space with nitrogen seeding, due to the proximity of PSOL in ITER
to the LH-transition threshold.
When adjusting the impurity injection rate to reproduce the measured
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Figure 4.15. Measured (dots) and predicted (solid lines) LFS divertor saturation currents
in the unseeded (black), medium seeding rate (blue), and high see-ding rate
(red) plasmas with nitrogen (a) and neon (b) injection. The illustrated sim-
ulation cases are circled in the ﬁgure 1a.
radiated power, the simulations capture the experimentally observed par-
ticle and heat ﬂux reduction at the LFS divertor plate (Figs. 4.15a and
b). With both nitrogen and neon injection, the dominant particle ﬂux re-
duction in the detachment assisted by impurities is caused by reduced
deuterium ionization and recycling rate, which is possible due to reduced
power reaching the deuterium ionization front. However, the divertor Dα-
emission is underestimated by about a factor of 2 in the unseeded plas-
mas, and about a factor of 3 – 5 in the partially detached conditions, even
though the LFS divertor particle ﬂuxes are consistent with measured val-
ues. This indicates a shortfall in the deuterium radiation, similar to that
observed throughout all simulations. Possible explanations for the ra-
diation short fall are, at least, underestimation of the recombination and
molecular contributions to Dα-emission. These underestimations can be
caused by missing reactions, inaccurate rates, or inaccuracies in the back-
ground distributions of electron temperature and atomic and electron den-
sities in the simulations. To solve the radiation short fall issue, one should
re-assess the atomic and molecular emission channels for Dα, and further
evaluate the possible pathways for missing radiation contribution in the
simulations.
The impurity injection in these simulations was conducted with radia-
tion feedback control, such that the simulation code injects as much im-
purities as is needed to produce a certain level of radiated power. For the
medium and high impurity injection simulations in the Fig. 4.15, the im-
purity injection rates for nitrogen are 2e20 e/s and 1.7e21 e/s and for neon
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they are 1.4e20 e/s and 1.2e21 e/s. Therefore, for these cases, roughly a
factor of 2 higher nitrogen injection rate is needed to reproduce a simi-
lar radiated power level as with neon injection. However, these simula-
tions do not take into account the surface chemistry and partial sticking
of nitrogen, which is the dominant reason explaining that the simulated
injection magnitudes are about an order of magnitude lower than the ex-
perimental levels. For neon, the predicted injection rate is about a factor
of 2 lower than the experimentally used rate. These differences can be
explained by uncertainties in the experimentally estimated injection rate
as well as by uncertainties in the implementation of the pumping surfaces
and albedos in EDGE2D-EIRENE.
Summary: This work was the ﬁrst series of JET H-mode EDGE2D-EIRENE
simulations contrasting the operation with nitrogen and neon injection in ITER-
like wall materials. Nitrogen and neon radiation were predicted and measured to
provide a similar reduction of the inter-ELM LFS divertor heat loads for a given
radiated power value. However, whereas nitrogen was measured and predicted to
radiate dominantly in the divertor chamber, 50% of neon radiation was predicted
and measured to occur inside the separatrix. Therefore, neon radiation is expected
to reduce power crossing the separatrix in JET. The particle ﬂux reduction in the
LFS detachment is achieved in the simulations when imposing the radiated power
with either nitrogen or neon.
The simulations did not include cross-ﬁeld drifts or currents, which is why the
focus has been on the LFS divertor. The simulations consistently underestimate
the radiation by fuel species. Therefore, forthcoming studies on the should con-
centrate on including the cross-ﬁeld drifts and currents as well as addressing the
shortfall of radiation by fuel species.
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5. Predictions of tungsten divertor
retention in JET high conﬁnement
mode plasmas with and without
ELMs
Publications V and VI provide predictions for tungsten retention in the JET diver-
tor assuming H-mode plasma conditions consistent with divertor measurements
in the previous JET-C. In publication VI, the divertor retention was investigated
assuming a steady-state, inter-ELM plasma, and in publication V these studies
were extended by including an ELM-like heat pulse event into the EDGE2D-
EIRENE simulations, and investigating the impact of this event on the divertor
retention of tungsten.
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Figure 5.1. Tungsten concentration in the core, main SOL, divertor SOL and private ﬂux
region for the three upstream densities: ne, sep OMP = 1.9 × 1019 m−3 (low),
3.4× 1019 m−3 (medium) and 3.6× 1019 m−3 (high).
Publication VI provides predictions of tungsten contamination extrapo-
lated from an inter-ELM phase of a high-triangularity, H-mode, JET-ILW
reference plasma without impurity seeding in JET-C. Tungsten concen-
trations for equivalent ILW plasmas are predicted for low, medium and
high upstream densities, utilizing the Monte Carlo trace-impurity code
DIVIMP on background plasmas calculated with the 2D multi-ﬂuid code
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EDGE2D- EIRENE. It is observed that operation at the low-upstream-
density plasma, ne, LFS-MP, sep = 1.8 × 1019 m−3, with a sheath-limited
scrape-off layer leads to a core tungsten concentration of the order of 10−5
(Fig. 5.1). Increasing the density leads to a high-recycling scrape-off layer,
ne, LFS-MP, sep = 3.4× 1019 m−3, with sufﬁcient divertor retention to ensure
an acceptable core tungsten concentration that is less than 10−5. Sufﬁ-
cient divertor retention is achievable if the peak target electron temper-
ature, Te , is below 10 eV. Achieving a signiﬁcant reduction in tungsten
sputtering by multiple charged impurity species (e.g. Be2+ and C4+) re-
quires a peak target Te below 5 eV, which requires strong divertor radia-
tion, achieved by impurity seeding in the ILW conﬁguration.
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Figure 5.2. ELM evolution of strike point electron density, ne, and temperature, Te, core
tungsten contamination rate, cW,core, and integrated core tungsten contami-
nation over the ELM cycle for 1 ms (a) and 0.2 ms (b) ELMs. The electron den-
sities are normalized to their pre-ELM values. The inner target (IT) strike
point values are plotted with dashed lines, and the outer target (OT) strike
point values with solid lines. The shadowed area marker the assumed intra-
ELM phase (of enhanced outer mid-plane cross-ﬁeld diffusion). The reader
should note the logarithmic time axis.
These studies were continued in Publication V by dynamically evolving
the steady-state EDGE2D-EIRENE base case over an ELM-like pedestal
crash, and simulating tungsten erosion and transport with the Monte-
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Carlo code DIVIMP. Two ELM durations were considered: 1 ms and 0.2
ms (Fig. 5.2). This approach was ﬁrst used in the simulations conducted
for the JET ELMy H-mode study published by Wiesen et al. in [258].
The simulated ELMs lead to a cycle of sheath-limited plasma conditions
with target temperatures exceeding a few 100 eV during the ﬁrst few 100
μs after the ELM onset, followed by high-recycling conditions with target
temperatures of about 1 – 25 eV approximately 500 – 1500 μs after the
ELM onset. The SOL density remains elevated several milliseconds after
the ELM onset. This dynamics leads to signiﬁcantly increased tungsten
sputtering and core contamination during the sheath-limited, intra-ELM
phase, via increased sputtered velocity and suppressed background ion
friction. The high recycling conditions during the ELM recovery phase
lead to suppression of tungsten sputtering and core leakage, via lowered
target temperatures and increased divertor collisionalities. Therefore, ac-
cording to the simulations in this study, the tungsten core contamination
of ELMy H-mode plasmas is strongly determined by the divertor plasma
characteristics during an ELM. On the other hand, ELMs are also consid-
ered as one of the dominant process reducing the core tungsten contam-
ination by ﬂushing tungsten out from the pedestal plasma and, hence,
core-edge integrated simulations are necessary to describe the combined
effect. The simulations show approximately 50% of the core tungsten
contamination originating from sputtering due to deuterium, when self-
sputtering is neglected. Accordingly, increasing the concentration of light
impurities in the divertor plasma is not predicted to increase the tung-
sten impurity source signiﬁcantly, while the core tungsten contamination
is anticipated to be decreased due to lowered divertor temperatures and
increased collisionalities.
Summary: This work was the ﬁrst series of DIVIMP predictions of divertor
retention of tungsten in JET H-mode plasmas in the ITER-like wall. The simu-
lations show that high density, low temperature divertor operation is beneﬁcial
for minimizing tungsten contamination of the conﬁned plasmas. Furthermore,
ELMs are predicted to dominate the erosion and leakage tungsten out of the di-
vertor chamber.
These simulations were fully predictive. These studies should be continued with
already established plasmas. The EDGE2D-EIRENE simulations conducted in
the radiative divertor simulations section in this thesis can be used as base cases
for those DIVIMP studies.
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6. Conclusions and future prospects
Fusion reactors must maintain sufﬁciently low surface heat loads, < 5 –
10 MW/m2, at the PFM surfaces, while producing several gigawatts of fu-
sion power. To address these issues, radiative divertor studies with and
without nitrogen and neon injection were investigated experimentally and
interpreted with the multi-ﬂuid code package EDGE2D-EIRENE for sets
of dedicated high-conﬁnement mode plasmas in JET. The studies include
comparison of predicted and measured divertor conditions, investigations
of the impact of the PFMs and divertor geometry on the radiative diver-
tor performance, and comparison of radiative divertor performance with
nitrogen and neon injection. Furthermore, predictions for tungsten re-
tention in the divertor chamber with the Monte-Carlo code DIVIMP were
conducted.
The studies show that when imposing the measured radiated power in
the divertor by impurity injection in the simulations, the simulations cap-
ture the experimentally observed radiated power levels, distributions of
radiated power, and reduction of the low-ﬁeld side (LFS) divertor target
power and particle deposition. However, consistent with earlier studies,
the simulations underestimate the radiated power by deuterium, indicat-
ing a shortfall in the radiation from fuel species. Since nitrogen radiates
preferentially in low electron temperatures of 10 – 30 eV, more than 90%
is predicted to occur outside the separatrix. Therefore, nitrogen is a very
good divertor radiator for H-mode plasmas in JET sized tokamaks. The
simulations reproduce the experimentally observed spatial shift of the NII
(500 nm) line-emission zone from the divertor leg to next to the X-point,
and show that this emission zone is a suitable proxy for the deuterium
ionization front. The divertor particle ﬂux reduction is predicted to occur
predominantly due to reduced deuterium ionization and recycling rate,
which is possible due to extrinsic impurity radiation and reduced power
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ﬂow reaching the deuterium ionization front.
The studies show that due to the similar radiative characteristics of ni-
trogen and carbon, the carbon-like divertor radiation levels and distribu-
tions can be obtained in JET with nitrogen seeding, also after changing
from full carbon PFMs to the tungsten and beryllium PFMs. Further-
more, detachment is obtained at similar divertor radiation levels (∼ 50%
of PSOL) in both PFM conﬁgurations.
EDGE2D-EIRENE simulations show that the divertor heat ﬂuxes at
the low ﬁeld side (LFS) can be reduced with N2-injection in similar fash-
ion in both horizontal and vertical LFS divertor conﬁgurations, qualita-
tively consistent with experimental observations. However, the simula-
tions show no substantial difference between the two conﬁgurations in
terms of reduction of the peak heat ﬂux at the LFS divertor plate as a
function of the divertor radiation, nitrogen concentration, or pedestal Zeff.
The predictions are consistent with experiments showing similar diver-
tor radiation and nitrogen injection levels for similar LFS peak heat ﬂux
reduction for both conﬁgurations.
Similar levels of LFS heat load reduction can be obtained at JET with
either nitrogen or neon injection. This is observed both in the simulations
and in the experiments. The simulations reproduce the experimentally
observed LFS heat and particle ﬂux reduction with both N2 and Ne radi-
ation, when adjusting the impurity injection rate to reproduce the mea-
surements of radiated power in the divertor. However, the simulations
consistently underestimate the divertor Dα-intensity by a factor of 3 –
5, indicating a shortfall in the radiation by fuel species. Whereas nitro-
gen radiation is concentrated in the divertor chamber in JET, neon radia-
tion is predicted and measured to occur partially in the conﬁned plasma.
Therefore, neon injection is predicted to reduce the power crossing the
separatrix in JET in partially detached divertor conditions.
The predictions for tungsten retentions indicate that, as expected, high-
density, low-temperature divertor operation is predicted to be beneﬁcial
for improving tungsten retention in the divertor of JET. This is due to
higher collisional coupling of the tungsten impurities to the background
deuterium ﬂow. Furthermore, edge-localized modes (ELMs) are predicted
to dominate tungsten erosion and leakage out of the divertor chamber in
JET.
Although the amount of experimental and numerical investigations con-
ducted within this doctoral thesis can be considered rather comprehen-
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sive, it should be observed that many research questions were left unex-
amined. Since these H-mode plasmas exhibited ELMs, an obvious ques-
tion to raise is whether the steady-state inter-ELM model can provide a
realistic description of the power exhaust physics in these plasmas. Al-
though the ELM frequency in these plasmas is sufﬁciently low, less than
100 Hz, compared to parallel SOL transport time scales ∼ 1 ms, out-
gassing of the PFM and reﬁlling physics [259] may evolve on longer time
scales, comparable to the inter-ELM time. Furthermore, the impact of
ELMs and ELM burn-through on the impurity density and charge state
distribution, as well as on the stability and dynamics of the radiation and
detachment fronts, were not addressed in this doctoral thesis. Numeri-
cally, investigations of these physics features could be conducted by im-
posing ELM-like heat pulses by enhancing the pedestal cross-ﬁeld trans-
port in EDGE2D-EIRENE for a short time period based on the existing
base cases published in this doctoral thesis. For more sophisticated ap-
proach, full core edge coupled simulations with the JINTRAC/COCONUT
code package should be conducted [260]. The EDGE2D-EIRENE simula-
tions in this doctoral thesis provide the necessary reference base for those
core-edge coupled simulations.
Since deuterium emission is underestimated throughout the impurity
injection scans in this study, thorough investigations of the deuterium
radiation and emission channels should be conducted. This is best done
in unseeded, well-characterized L-mode plasmas ﬁrst, since the physics
mechanisms responsible for the underestimation are not foreseen to differ
between operation modes. Such studies are being conducted [131, 148, 95,
261, and references therein].
Since all the simulations discussed in this doctoral thesis have been con-
ducted without cross-ﬁeld drift terms and currents in the SOL, the impact
of drifts on the radiative divertor performance is a natural way to con-
tinue the work conducted in this thesis. Based on the L-mode studies
published in [147, 148, and references therein], the expected outcome is
that the drifts will have a considerable impact on the LFS to HFS divertor
asymmetries in the unseeded reference plasmas in high recycling divertor
conditions. Once the plasma enter cooler divertor conditions with partial
of complete detachment, the impact of drifts on the asymmetries is ex-
pected to be reduced. Since stronger poloidal and radial SOL gradients
are expected in H-mode plasmas than in the L-mode plasmas, the impact
of drifts is expected to be stronger in H-mode plasmas as well.
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The tungsten transport predictions in this doctoral thesis were con-
ducted only for the EDGE2D-EIRENE simulations corresponding to the
JET-C plasmas. These studies were not yet extended to the JET-ILW sim-
ulations with and without impurity injection. Therefore, the predictions
in this doctoral thesis should be continued in dedicated studies of tung-
sten transport with EDGE2D-EIRENE and DIVIMP in the obtained JET-
ILW reference simulations. These could be compared to experiments as
well for model validation. Furthermore, the impact of ELMs with impu-
rity injection on the erosion and transport of tungsten could be conducted,
once the ELM simulations reach a sufﬁciently mature state.
In the divertor geometry studies, the far SOL densities were strongly
underestimated with vertical LFS divertor targets. The impact of cross-
ﬁeld transport assumptions on the density proﬁle predictions in horizon-
tal and vertical divertors could be conducted as a continuation of this
project.
Main chamber interaction has not been discussed in this doctoral the-
sis. Impact of the main chamber recycling on the SOL characteristics and
pedestal fuelling in high and low triangularity plasmas with various di-
vertor conﬁgurations would provide a useful research topic as well. How-
ever, satisfactory work in this area would presumably require improve-
ments in the main chamber interaction in the simulations code, such as
extension of the calculation grid to the main chamber wall.
To prioritize the various avenues in this outlook, assessment of the deu-
terium radiation short fall is considered as the highest priority task. How-
ever, as was discussed already, this assessment is best to be done in L-
mode plasmas, which are considered easier to measure, simulate and an-
alyze than H-mode plasmas. As a continuation of the radiative divertor
work conducted in this study, inclusion of drifts and currents and assess-
ment of the predicted and measured HFS to LFS divertor asymmetries
is considered as a very high priority project. Following the drifts and
currents, assessment of the impact of ELMs on the radiative divertor per-
formance is the next project in the priority list. The ﬁnal items on the
prioritized list are assessment of the impact of cross-ﬁeld transport as-
sumptions and main chamber interactions on the divertor and SOL char-
acteristics. Investigations of tungsten transport can be conducted as a
separate project parallel to the tasks listed above.
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Nuclear fusion holds one of the biggest 
promises of a virtually unlimited energy 
source. As a result of half a century of 
dedicated research, reactor scale fusion 
devices are becoming reality within the 
following decades. A key challenge for these 
gigawatt scale devices is to achieve 
controlled power exhaust to avoid 
overheating of the wall components. The 
radiative divertor concept is developed to 
address this need. 
  
This thesis presents experimental and 
numerical studies of radiative divertor 
operation in high conﬁnement mode 
plasmas in the Joint European Torus (JET) 
test reactor. The impact of extrinsic 
impurity gases, such as nitrogen, on the 
reactor performance is investigated. The 
peak heat loads are reduced by an order of 
magnitude with extrinsic impurities. 
Furthermore, the simulations capture the 
measured heat load reduction and radiated 
power with impurity injection. However, the 
model underestimates the radiation by the 
fuel species. 
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